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of semiconducting SWCNTs are inversely proportional to 
their diameters. Several SWCNT characteristics are important 
for transistor applications: (1) SWCNT transistors containing 
metallic nanotubes may not turn off, leading to shorted devices. 
Thus, high purity semiconducting SWCNTs are desirable. 
(2) The diameters of SWCNTs (i.e., specifi c band gaps) affect 
their source–drain tunneling and on-state resistance. [ 4 ]  Some 
studies have suggested that the optimum diameter range of 
SWCNTs for transistor applications would lie from about 
1.2 to 1.7–2 nm. [ 1 ]  (3) The diameter distribution of SWCNTs 
infl uences the threshold voltage of individual transistors on a 
chip. Thus, SWCNTs with narrow diameter distribution in the 
optimum diameter range will have less performance variations 
among individual transistors. 

 Commonly available SWCNT samples are mixtures of 
both metallic and semiconducting nanotubes with typical 
diameters ranging from 0.6 to 2 nm. [ 5 ]  Signifi cant efforts have 
been devoted to formulate separation methods that can yield 
SWCNTs with desired characteristics for transistor applications. 
It is hoped that SWCNTs can be grown in bulk, separated in 
solution, and then placed from solution at precise locations on a 
CMOS-compatible substrate. [ 1,6 ]  While several approaches man-
aged to obtain SWCNTs of nearly single (n,m) purity, including 
density gradient ultracentrifugation, [ 7 ]  chromatography sepa-
ration of DNA-wrapped SWCNTs, [ 8 ]  gel-based electrophoresis 
and column chromatography, [ 3g ,   9 ]  and polymer extraction, [ 4c ,   10 ]  
they have several limitations in terms of (n,m) purity, selec-
tivity, yield, scalability, and cost. Furthermore, most of the 
existing separation methods exhibit modest (n,m) selectivity 
toward large-diameter (>1.1 nm) SWCNTs that are desired for 
transistor applications. 

 Recently, aqueous two-phase (ATP) separation emerges 
as an easily accessible, low-cost, and highly scalable method 
for sorting SWCNTs. [ 11 ]  It can spontaneously distribute sur-
factant dispersed or DNA-wrapped SWCNTs into two aqueous 
polymer phases of different hydrophobicity. Using surfactants 
with distinctive affi nity for SWCNTs, individual (n,m) spe-
cies were enriched from small-diameter (<1.1 nm) CoMoCAT 
SWCNTs, [ 11a ]  and metallicity-based separation of large-diameter 
(>1.4 nm) arc-discharged SWCNTs was also demonstrated. [ 11e ]  
(n,m) selective enrichment of large-diameter metallic nano-
tubes (>1.1 nm) was shown using a repetitive ATP separation 
process. [ 12 ]  

 Here, we demonstrated the simultaneous diameter and 
metallicity enrichment of large-diameter (9,8) SWCNTs via 
a one-step ATP separation process. As depicted in  Scheme    1  , 

       Moore’s law, which projects the doubling of components on 
a chip every 18 months, has driven the rapid development of 
microelectronics industry since 1965. However, from early 
2000s, transistor technology based on silicon complementary 
metal-oxide semiconductor (CMOS) technology has faced more 
and more technological diffi culties in continuously scaling 
down transistor dimension without performance degradation. 
This opens the door of developing new transistor materials. [ 1 ]  
Single-walled carbon nanotubes (SWCNTs) have ultrathin 
body with one atomic phase of graphene wrapped in ≈1 nm 
diameter cylinder, ballistic transport properties, and intrinsic 
band gaps. [ 2 ]  SWCNT transistors have drawn great interests 
as a potential disruptive force in the electronics industry with 
a recent demonstration of a functional SWCNT computer. [ 3 ]  
Despite their great promises, a number of challenges remain 
unsolved. One of the key challenges is to obtain SWCNTs with 
well-defi ned structures and properties. 

 The structure of an SWCNT is defi ned by a pair of chiral index 
(n,m). SWCNTs can be conceptually formed by rolling up a gra-
phene sheet along a chiral vector   R   = n  a 1    + m  a 2    (see Figure S1, 
Supporting Information). The (n,m) SWCNT has a diameter of 
 d  and chiral angle of  θ , which could be calculated by 

    
= + +0.0783 (n m nm)2 2d

 
 (1)

  

 
θ ( )= +−tan 3m /(2n m)1

 
 (2)

   

 When the (n,m) index satisfi es n–m = 3 j , where  j  is an 
integer, the SWCNT is metallic. In contrast, the SWCNT is 
semiconducting when n–m = 3 j  + 1 or 3 j  + 2. The band gaps 
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using as-synthesized SWCNTs from CoSO 4 /SiO 2  catalyst, sur-
factant dispersed SWCNTs were partitioned in two immiscible 
aqueous polymer phases formed by polyethylene glycol (PEG) 
and dextran (DEX). By optimizing separation temperature, the 
ratio between two surfactants, and addition of a chaotropic salt, 
we achieved highly effi cient enrichment of semiconducting 
(9,8) SWCNTs in the top PEG phase. The enriched SWCNTs 
were further used to fabricate thin-fi lm transistors (TFTs), 
which showed high on/off ratio (up to 10 7 ) and good motili-
ties (up to 22.34 cm 2  V −1  s −1 ). This work shows the excellent 
potential of using the (9,8)-enriched SWCNTs for transistor 
applications.  

 CoSO 4 /SiO 2  catalyst can be used to synthesize SWCNTs in 
bulk by chemical vapor deposition (CVD) with carbon mon-
oxide as a carbon precursor (see the Experimental Section for 
catalyst synthesis and SWCNT growth conditions). The cata-
lyst exhibits unique (n,m) selectivity toward large-diameter 
semiconducting (9,8) SWCNTs with a diameter of 1.17 nm 
that are favorable to transistor applications. [ 1 ]  However, as-
synthesized SWCNTs still contain signifi cant amount of small-
diameter nanotubes and large-diameter metallic nanotubes. 
We dispersed the as-synthesized SWCNTs in a 2 wt% sodium 
cholate (SC) deuterium oxide (D 2 O) solution by tip sonication 

(10 W, 60 min, in ice-water bath) and ultra-
centrifuge (100 000  g , 60 min). The super-
natant collected was characterized by photo-
luminescence (PL) and UV–vis–near-infrared 
(UV–vis–NIR) absorption spectroscopy. 
The PL map of the as-synthesized SWCNTs 
( Figure    1  a) shows strong signals from small-
diameter semiconducting (6,5), (7,5), (7,6), 
and (8,4) nanotubes. The abundance of (9,8) 
nanotubes estimated from their PL peak 
intensity is 29% among all semiconducting 
nanotubes (see Table S1 in the Supporting 
Information for the detailed results). It is 
known that PL spectroscopy is less sensitive 
toward small chiral angle semiconducting 
nanotubes due to their lower PL quantum 
effi ciency, and PL spectroscopy can neither 
detect metallic nanotubes. [ 13 ]  Therefore, we 

further analyzed the abundance of different nanotube species 
using UV–vis–NIR spectroscopy. Figure  1 b shows absorption 
peaks from both semiconducting and metallic nanotubes. 
Using an electron–phonon interaction model, the UV–vis–NIR 
spectrum was reconstructed by fi tting all (n,m) species using 
individual Lorentzian peaks (see Table S2 for the detailed cal-
culation method and results, Supporting Information). The 
major metallic nanotubes identifi ed in the UV–vis–NIR spec-
trum are (9,6), (9,9), and (10,10) nanotubes. The abundance of 
all semiconducting nanotubes in as-synthesized SWCNTs is 
estimated to be 83%, while the abundance of (9,8) nanotubes 
is 16% among all (n,m) species. For transistor applications, fur-
ther enrichment of large-diameter semiconducting SWCNTs is 
desired.  

 ATP separation can partition nanoparticles by discriminating 
their surface hydrophobicity into two immiscible polymer 
phases, which contain polymers of different concentrations. 
The partition coeffi cient  K  of an ATP separation may be calcu-
lated by the following equation 

    

μ μ= = − −⎛
⎝⎜

⎞
⎠⎟

expt

b

t
0

t
0

K
C

C kT
 
 (3)
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 Scheme 1.    Schematic illustration of ATP separation for enrichment of (9,8) SWCNTs.

 Figure 1.    Characterization of as-synthesized SWCNTs from CoSO 4 /SiO 2  catalyst. a) PL and b) UV–vis–NIR absorption spectrum of nanotube disper-
sion. Deconvolution of absorption spectrum at c) S 22  + M 11  and d) S 11  regions shows the chirality distribution of (n,m) species.
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 where  C  t ,  µ 0   t  and  C  b ,  µ 0   b  are the concentration and standard 
chemical potential of nanoparticles in the top and bottom 
phases, respectively.  k  is the Boltzmann constant, and  T  is the 
temperature. [ 11e ]  Due to strong internanotube van der Waals 
force, various amphiphilic surfactants have been used to stabi-
lize individualized SWCNTs by forming micelles on nanotube 
surface. The surfactant micelles on SWCNT surface display dif-
ferent structures depending on surfactant properties, as well as 
SWCNT diameter and metallicity. Thus, it is feasible to have 
diameter and metallicity selective enrichment using ATP separa-
tion if the surface hydrophobicity of surfactant wrapped SWCNTs 
can be carefully tuned.  [ 11d ,   14 ]  Here, we show that (9,8)-enriched 
SWCNTs can be obtained in the top PEG phase by optimizing 
temperature, surfactant combinations, and addition of a salt. 

 We fi rst established several selection criteria to evaluate the 
enrichment effi ciency at different separation conditions: semi-
conducting/metallic (semi/met) nanotube ratio ( R ) and yield 
of desired nanotubes ( Y ), i.e., (9,8) nanotubes in this work. 
The abundance of individual (n,m) species in the two polymer 
phases can be calculated from the fi tted Lorentzian peak areas 
of their UV–vis–NIR spectra. These abundance data were then 
used to calculate  R  and  Y  (see the Supporting Information for 
their detailed formula). From experimental data, we found that 
after separation, a higher semi/met ratio ( R ) was often cou-
pled with a lower yield ( Y ) of desired nanotubes in the top PEG 
phase. Considering that  R  and  Y  is a tradeoff in optimizing sep-
aration conditions, a fi gure of merit ( F ) was defi ned to assess 
the overall enrichment effi ciency of the ATP separation process 

   
( )= × +2 logF R Y

  (4)   

 The constant “2” was used in Equation  ( 4)   because we con-
sidered that a separation condition is less useful as a scalable 
separation process if its yield of desired nanotubes is below 1% 
(log (0.01) = −2). 

 As illustrated in Scheme  1 , the enrichment of SWCNTs was 
carried out in a PEG–DEX aqueous mixture (6.3 wt% of both 
polymers). Surfactant-dispersed SWCNTs were added into the 
mixture. The PEG–DEX mixture then spontaneously distrib-
uted into two phases, including a top hydrophobic PEG-rich 
phase and a bottom hydrophilic DEX-rich phase. Surfactant-
dispersed SWCNTs with different surface hydrophobicity were 
also partitioned into these two phases. The surfactant combina-
tion of sodium dodecyl sulfate (SDS) and SC at the weight ratio 
of SDS/SC = 3/2 (1.5) was used as the starting condition for 
optimization, because this surfactant combination has shown 
some diameter and metallicity selectivity in earlier studies. [ 14b ,   15 ]  

 As indicated in Equation  ( 3)  , temperature may have a strong 
effect on the partition coeffi cient  K . Moreover, the structure 
of surfactant micelles on SWCNT surface can also be affected 
by temperature, which alters the value of  µ  0 . [ 16 ]  Thus, we opti-
mized the separation temperature fi rst. Photos in Figure S3 
(Supporting Information) show that most SWCNTs remain 
in the hydrophobic top phase at a higher temperature, i.e., 
25 °C. When the temperature drops, more SWCNTs gradually 
move into the hydrophilic bottom phase. Absorption spectra of 
SWCNTs in the top phase in  Figure    2  a display that the intensity 
of M 11  absorption peaks from metallic SWCNTs in the range of 
500–700 nm decreases with the declining temperature. These 

results suggest that surfactant micelles on metallic SWCNTs 
become more hydrophilic at lower temperature, which help to 
partition more metallic SWCNTs into the hydrophilic bottom 
phase while semiconducting nanotube would still reside in 
the more hydrophobic PEG-rich top phase. Figure  2 b con-
fi rms that the semi/met ratio ( R ) increases with the decline of 
temperature. Although the yield of (9,8) nanotubes ( Y ) drops 
slightly (see Table S4, Supporting Information), the overall 
enrichment effi ciency ( F ) rises from 6.71 to 19.89 when tem-
perature drops from 25 to 5 °C. Thus, the low temperature of 
5 °C was chosen as the temperature for further optimization of 
other experimental parameters.  

 Although some metallic SWCNTs were portioned into 
the bottom phase at lower temperature, Figure  2 a indicates 
that the S 11  absorption peak of small-diameter (6,5) SWCNTs 
at 976 nm remains unchanged over the entire temperature 
range from 5 to 25 °C. More small-diameter SWCNTs need 
to be removed from the top phase. Early studies suggested 
that SC can selectively disperse smaller diameter SWCNTs 
as compared to SDS. [ 11d ,   14b ,   15,17 ]  Thus, we optimized the ratio 
between SDS and SC in an attempt to partition more small-
diameter SWCNTs into the bottom phase. Figure  2 c shows that 
the absorption peak intensity of small-diameter (6,5) SWCNTs 
decreases signifi cantly in compassion to that of large-diameter 
(9,8) SWCNTs with the reduction of SDS content in the SDS/
SC mixture. Moreover, the intensity of absorption peaks from 
metallic SWCNTs between 500 and 700 nm also decreases with 
the decrease of SDS content. Figure  2 d shows that the semi/
met ratio ( R ) is 17.95 at the SDS/SC ratio of 1.5, and it jumps 
to 72.65 at the SDS/SC ratio of 0.78. With the increase of SC 
content in the SDS/SC mixture, not only small-diameter but 
also more metallic SWCNTs are partitioned into the hydro-
philic bottom phase. However, because SC is more hydrophilic 
than SDS, when the content of SC in the SDS/SC mixture is 
too high, most of the SWCNTs stay in the hydrophilic bottom 
phase. The yield of (9,8) SWCNTs ( Y ) decreases dramatically 
from 0.128 at the SDS/SC ratio of 1.5 to only 0.032 at the SDS/
SC ratio of 0.25. Considering the trade-off between the semi/
met ratio and the yield of (9,8) SWCNTs, Figure  2 d indicates 
that the overall enrichment effi ciency ( F ) is at an optimum 
value of 90.33 when the SDS/SC ratio is 0.78. 

 Potassium thiocyanate (KSCN), a typical chaotropic salt, 
can disrupt noncovalent forces in macromolecule disper-
sions. It has been widely used in ATP separation. [ 18 ]  Previous 
studies showed that KSCN can push more nanotubes into 
the more hydrophilic phase. [ 11e ,   19 ]  Although the mechanism 
behind such a phenomenon is still unclear, it is expected that 
KSCN may tune surfactant micelle structures around nano-
tubes, which may enhance the discrimination of various 
nanotubes according to their diameter and/or metallicity. [ 20 ]  
In this work, KSCN was added intentionally with the hope to 
further remove metallic and smaller diameter SWCNTs from 
the top PEG phase. Indeed, as shown in Figure  2 e, the absorp-
tion peak intensity from both small-diameter and metallic 
SWCNTs decreases with the increase of KSCN concentration. 
Figure  2 f indicates that the semi/met ratio ( R ) increases from 
72.65 without KSCN to 181.22 at the KSCN concentration of 
15 × 10 −3   M . However, the yield of (9,8) SWCNTs decreased 
from 0.175 to 0.024 when KSCN was added. Using the overall 
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enrichment effi ciency ( F ) as the selection criteria, Figure  2 f 
suggests that the addition of KSCN at the concentration of 
10 × 10 −3   M  achieves the optimum enrichment result. By adding 
KSCN, more SWCNTs were partitioned into the hydrophilic 
bottom phase, confi rming that KSCN can alter the surfactant 
micelle structures surrounding nanotubes and make them 
more hydrophilic. Based on the above experimental results, 
we speculate that surfactant micelles surrounding metallic and 
small-diameter nanotubes are more susceptible to KSCN com-
paring to large-diameter semiconducting nanotubes, resulting 
in the observed enrichment. 

 All studied separation parameters are listed in Table S3 (Sup-
porting Information) and their corresponding  R ,  Y ,  F  values 
are listed in Table S4 (Supporting Information). The optimum 
enrichment condition for (9,8) SWCNTs is at a low temperature 
of 5 °C with the surfactant combination of SDS/SC at the ratio 
of 7/9 and the addition of 10 × 10 −3   M  KSCN. At this condition, 
a single-step ATP separation can achieve simultaneous diam-
eter and metallicity enrichment to produce high purity semi-
conducting SWCNTs enriched with (9,8) nanotubes in the 
top hydrophobic PEG-rich phase, showing a dark green color; 
whereas metallic and small-diameter semiconducting SWCNTs 
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 Figure 2.    Optimization of the ATP separation process for enriching (9,8) SWCNTs. a,c,e) UV–vis–NIR absorption spectra of SWCNT dispersions 
in the top phase (PEG enriched) obtained at different separation conditions. b,d,f) Calculated  R  and  F  values at different separation conditions. 
a,b) Optimization of separation temperature; c,d) optimization of surfactant ratio; and e,f) addition of KSCN.
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reside in the bottom hydrophilic DEX-rich phase, showing a 
purple color. Enriched SWCNTs from the top phase were redis-
persed in D 2 O for spectroscopic studies.  Figure    3  a shows PL 
map of the enriched SWCNTs, displaying an intense peak from 
(9,8) SWCNTs with the absence of peaks from small-diameter 
semiconducting SWCNTs. The abundance of (9,8) SWCNTs 
among semiconducting species calculated by their PL intensity 
is 88.4%. Figure  3 b shows that comparing with the unsorted 
SWCNTs, the features of metallic and small-diameter semi-
conducting SWCNTs are hardly seen in the UV–vis–NIR spec-
trum of enriched SWCNTs. The UV–vis–NIR spectrum was 
reconstructed (Figure  3 c) to quantify the abundance of indi-
vidual (n,m) species. Other than the dominant (9,8) nanotubes, 
semiconducting large-diameter (9,7) and (10,8) nanotubes were 
also identifi ed, while metallic species were hardly detected. 
The abundance of metallic SWCNTs decreases from 16.6% 
to less than 0.5% with the increase of the semi/met ratio ( R ) 
more than 40 times. The abundance of (9,8) SWCNTs among 
all (n,m) species increases to 84.2%, more than fi ve times com-
pared to that of unsorted SWCNTs. We also analyzed SWCNTs 
in the bottom phase. Small-diameter semiconducting SWCNTs 
dominate the PL map (see Figure S4, Supporting Informa-
tion). Further, higher abundances of metallic SWCNTs were 
found in the absorption spectrum (see Figure S5, Supporting 
Information).  

 To demonstrate the application of (9,8) SWCNTs for TFTs, 
both unsorted and (9,8)-enriched SWCNTs were deposited on 
SiO 2 /Si wafers (about 15 tubes per µm 2 , estimated by atomic 
force microscope (AFM)) to fabricate back-gated TFTs (see the 
Experimental Section for fabrication details). Around 25 devices 
for each SWCNT sample were measured, and their transistor 
characteristics were compared. The transfer curves ( I  DS  −  V  G ) 
of unsorted ( Figure    4  a) and enriched (Figure  4 c) SWCNT TFTs 
display unipolar p-type behavior, i.e., the source–drain current, 
 I  DS , increases with increasing negative gate voltage. By com-
paring Figure  4 a with Figure  4 c, one can clearly discern that 
unsorted SWCNT devices have metallic behavior, and there are 
large off-state currents even at the positive gate voltage of 80 V. 
This fi nding highlights the existence of signifi cant amount of 
metallic SWCNTs that form metallic paths in unsorted nano-
tube devices. On the contrary, the (9,8)-enriched SWCNT 

devices demonstrate good transistor behaviors, and are fully 
turned off at a positive gate voltage of 80 V (Figure  4 d). The 
output curves ( I  DS  −  V  DS ) of devices fabricated from different 
samples are shown in the inset of Figure  4 a,c. The linear rela-
tionship suggests that ohmic contacts are realized in these 
devices with Ti/Pd electrodes. The statistics of on/off current 
ratios of SWCNT TFTs are plotted in Figure  4 b,d. The  I  DS  
values at a gate voltage of −60 V were chosen as the on-state 
current and the minimum current from the same curve was 
chosen as the off-state current, and their ratio is defi ned as the 
on/off ratio of the device. [ 21 ]  The on/off ratio of most devices 
fabricated from (9,8)-enriched SWCNTs fell in the range of 
10 5 –10 6 , which is nearly three-order higher than that of the 
unsorted SWCNTs (about 10 3 ). Since the device dimensions 
are similar, we conclude that the differences of on/off ratios for 
unsorted and enriched SWCNT TFTs originated from the dif-
ference in the amount of metallic nanotubes in these two sam-
ples. Therefore, these results show good consistence with the 
above optical spectroscopic measurements and further demon-
strate the effectiveness of the ATP separation process.  

 Next, we performed more detailed studies on the device 
performance of (9,8)-enriched SWCNTs with different device 
dimensions. Normalized on-state current ( I  on / W ) is an impor-
tant merit for the applications of TFTs, for example, in dis-
play electronics. Figure  4 e illustrates the relationship between 
normalized  I  on / W  and device channel length,  L . Owing to the 
formation of more junctions in the channel with increased 
channel resistance,  I  on  /W  decreases as the channel length 
increases. Specifi cally, the devices show  I  on / W  of 0.05 µA/µm 
at a small  V  ds  of 0.1 V, which is comparable with very recent 
results on SWCNT TFTs. [ 22 ]  In addition to the on-state cur-
rent, carrier mobility is another critical parameter for nano-
tube TFTs, which can be calculated using the following 
equation 

    
μ = =d

d
device

D ox

d

g D ox

mL

V C W

l

V

L

V C

g

W
 
 (5) 

 where  µ  is the mobility of the device,  L  and  W  are, respec-
tively, the channel length and channel width of the device,  V  d  
is the source–drain bias,  C  ox  is the gate capacitance, and  g  m  
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 Figure 3.    Characterization of enriched SWCNTs in the top PEG phase obtained at the optimal experimental condition. a) PL and b) UV–vis–NIR absorp-
tion spectrum. Deconvolution of absorption spectrum at c) S 22  + M 11  and d) S 11  regions shows the chirality distribution of (n,m) species.
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is the transconductance of the device, which can be extracted 
from transfer curves. We found that the average mobility of 
the TFTs using enriched SWCNTs is 3.08 ± 0.58 cm 2  V −1  s −1 , 
with the maximum value of 4.48 cm 2  V −1  s −1 . This mobility 
value is comparable to SWCNT TFTs with similar diameters 
reported recently, [ 22 ]  as well as polymer-enriched arc-discharge 
SWCNTs (diameter at 1.3–1.4 nm). [ 23 ]  A comparison with 
recent literature data is given in Table S5 (Supporting Informa-
tion). We plotted mobility versus on/off ratio for our TFTs in 
Figure  4 f. The results imply that most devices fall in the range 
of 3–4 cm 2  V −1  s −1  for mobility and 10 4  to 10 6  for on/off ratio. 

 Because (9,8)-enriched SWCNTs obtained in this work 
have high semiconducting purity, the transfer property, i.e., 
mobility, of fabricated SWCNT TFTs can be further improved 
by increasing SWCNT density in TFT channels. Thin fi lms of 
higher SWCNT densities (about 25 and 50 tubes per µm 2 ) were 
prepared by drop casting more enriched SWCNT dispersions. 
The SWCNT fi lms were annealed at 200 °C for 2 h to reduce 
contact resistance among nanotubes. [ 24 ]  About 20 devices were 
measured at each SWCNT density, and their on/off ratio and 
mobility are presented in  Figure    5  . The device mobility rises 
with the increase of SWCNT density. The average mobility 
increases to 10.66 ± 2.03 and 22.34 ± 3.51 for TFTs containing 
SWCNTs of 25 and 50 tubes per µm 2  in device channel, respec-
tively. More importantly, their on/off ratios show moderate 
drops. Most of the measured TFTs have the on/off ratio of 
about 10 5 . Overall, these device measurement results indicate 
that (9,8)-enriched SWCNTs via ATP separation have good per-
formance as channel materials for TFTs.  

 In summary, we demonstrated simultaneous diameter and 
metallicity enrichment of large-diameter (9,8) SWCNTs in 
one separation step from as-synthesized SWCNTs on CoSO 4 /
SiO 2  catalyst using the new ATP separation process. System-
atic separation parameter studies showed that the optimum 
enrichment conditions are (1) separation temperature of 5 °C, 
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 Figure 5.    On/off ratio plotted against mobility for SWCNT TFTs with dif-
ferent nanotube densities. Insets show typical AFM images of SWCNT 
networks in device channels. The scale bar in the AFM images is 1 µm.

 Figure 4.    Transfer characteristic curves and statistic histogram of on/off ratios of SWCNT TFTs fabricated from a,b) unsorted and c,d) (9,8)-enriched 
SWCNTs. e) Normalized  I  on  versus channel length (4, 10, 20, 50, or 100 µm) and f) mobility versus on/off ratio.
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(2) SDS/SC surfactant ratio of 7/9, and (3) addition of KSCN 
at the concentration of 10 × 10 −3   M . Under this optimum sepa-
ration condition, the abundance of (9,8) nanotubes in the top 
PEG phase increases to 84.2%, and the ratio of semiconducting 
to metallic increases more than 40 times compared to as-syn-
thesized nanotubes. The enriched (9,8) SWCNTs were used 
to fabricate TFTs, showing high on/off ratios (up to 10 7 ). The 
average device mobility of 3.08 cm 2  V −1  s −1  was obtained at the 
SWCNT network density of about 15 tubes per µm 2 , and is fur-
ther increased to 22.34 cm 2  V −1  s −1  at 50 tubes per µm 2 , while 
the on/off ratio remains around 10 5 . These results demonstrate 
the great potential of using these (9,8)-enriched SWCNTs for 
transistor applications. Furthermore, the (9,8)-enriched nano-
tubes with a narrow emission window of around 1400 nm may 
be useful for many applications in the new generation of opto-
electronic devices.  

      Experimental Section 
  Synthesis of SWCNTs Using CoSO 4 /SiO 2  Catalyst : SWCNTs were 

synthesized by CVD using carbon monoxide on CoSO 4 /SiO 2  catalyst. [ 25 ]  
The catalyst was prepared by loading 1 wt% Co (from CoSO 4 ·7H 2 O) on 
fumed porous SiO 2 , followed by calcination at 440 °C in air for 4 h. The 
growth of SWCNTs was performed in a CVD reactor. About 200 mg of 
the catalyst was loaded in a ceramic boat and placed in the center of 
the reactor. After reduction in H 2  (1 atm, 150 mL min −1 ) from room 
temperature to 540 °C, the reactor was purged with Ar till its temperature 
increased to 780 °C. Subsequently, CO at 5 atm was introduced to the 
reactor at 150 mL min −1  for 30 min. After growth, the reactor was cooled 
to room temperature in fl owing Ar. The as-synthesized SWCNTs were 
further purifi ed by a four-step method reported earlier to remove catalyst 
residues and other carbon species. [ 26 ]  

  PLE and UV–Vis–NIR Spectroscopic Studies of SWCNTs : Purifi ed 
SWCNTs were dispersed in 2 wt% SC D 2 O (99.9%, Sigma) solution for 
spectroscopic analysis. ATP separations were performed in aqueous 
(H 2 O) solution. To avoid the interferences from H 2 O, polymers and 
surfactants on UV–vis–NIR absorption data, blank solutions containing 
the same type and amount of polymers and surfactants without 
SWCNTs were prepared at each ATP separation condition as references 
for background subtraction. At the optimal ATP separation condition, 
enriched SWCNTs were redispersed in 2 wt% SC D 2 O solution for 
spectroscopic analysis. UV–vis–NIR absorption spectra of SWCNT 
dispersions were collected on a UV–vis–NIR spectrometer (Varian Cary 
5000) with a 0.5 nm step in a 10 mm light path quartz cuvette. PL maps 
were collected on a PL spectrometer (Horiba/Jobin Yvon Nanolog-3) 
with a 350 W Xenon lamp as the excitation light source. A step of 2 nm 
was chosen for excitation light. 

  ATP Separation : SWCNTs were fi rst dispersed in 2 wt% SC aqueous 
solution by tip sonication (10 W, VCX-130, Vibracell) in an ice-water 
bath for 1 h. After centrifugation at 100 000  g  for 1 h, the upper 60% 
of SWCNT dispersion was collected for ATP separation. Several stock 
solutions were prepared to create different separation conditions. 
PEG (50 wt%, 6 kDa, Alfa-Aesar) and DEX (20 wt%, 150 kDa, Sigma) 
aqueous solutions were prepared by dissolving polymer powders in 
deionized water under shaking at 300 rpm overnight. Two surfactant 
solutions (10 wt%), SDS and SC, were prepared to dissolve surfactants 
in deionized water. KSCN was dissolved in deionized water at 1  M . The 
total surfactant concentration was kept at 1.6 wt% for all ATP conditions. 
This concentration was used for two reasons. First, a previous study 
suggested the optimal window of total surfactant concentration for semi/
metallic SWCNT separation should be greater than 1.2 wt%. [ 11e ]  Second, 
the critical micelle concentration of SDS is 8.2 × 10 −3   M  (0.24 wt%) at 
25 °C, [ 27 ]  and that of SC is 14 × 10 −3   M  (0.63 wt%) at 25 °C. [ 28 ]  Thus, 
The total concentration of 1.6 wt% is suffi cient to form micelles for at 
least one type of surfactants in different surfactant combinations used 

in this study. At a typical separation condition, 0.3 mL DEX solution and 
0.12 mL PEG solution were fi rst mixed in a 1.5 mL centrifugation tube. 
SC and SDS stock solutions were then added with different combinations 
to create various ATP conditions. Subsequently, appropriate amount 
of water and/or KSCN solution was added to increase the total liquid 
volume of 0.82 mL. Afterward, 0.2 mL of SWCNT dispersion was 
added. The detailed compositions are listed in Table S3 (Supporting 
Information). The dispersion was mixed by vortex for 30 s before it was 
placed in a water bath for 5 min at different temperatures. To enhance 
temperature uniformity in the dispersion, the mixture was further mixed 
by vortex for 30 s, followed by incubation in the water bath for another 
15 min. Then, the dispersion was centrifuged at 2 600  g  for 5 min to 
speed up its partition into two phases with different colors. Last, the two 
phases were extracted for spectroscopic analysis. 

  Fabrication and Characterization of SWCNT TFTs : To remove polymers 
from enriched SWCNT dispersions, additional KSCN was added at a 
concentration of 0.1  M . The mixtures were kept at 4 °C in a refrigerator 
overnight, which allows SWCNTs to agglomerate together. SWCNT 
agglomerates were then collected by centrifuge and washed using 
deionized water. The recovered SWCNTs were dispersed in 2 wt% SC 
solution by tip sonication at 20 W in an ice-water bath for 30 min, 
followed by centrifugation at 50 000  g  for 1 h. The dispersion was then 
used to create SWCNT networks on SiO 2 /Si substrates (the thickness 
of SiO 2  is 300 nm). Before SWCNT deposition, SiO 2 /Si substrates were 
fi rst pretreated with 0.5 wt% poly(L-lysine) aqueous solution (Sigma) 
for 5 min, followed by incubation in SWCNT solution for 10 min. Two 
methods were used to fabricate SWCNT TFTs. First, in order to make 
a quick evaluation of the semiconducting nanotube purity, back gated 
nanotube devices with different dimensions were fabricated using 
photolithograph. The channel lengths are 4, 10, 20, 50, or 100 µm, 
and channel widths are 200, 400, 800, 1200, 1600, or 2000 µm. The 
contact metal was Ti/Pd with a thickness of 0.5 nm/50 nm, and was 
deposited using e-beam evaporator. Second, in order to further increase 
SWCNT density in TFT channels, enriched SWCNT dispersion in 
device channels of prefabricated TFTs was further dropped, which were 
fabricated by photolithograph with Ti/Pd metal electrode (thickness 
of 0.5 nm/50 nm); channel width is 200 µm and the length is 50 µm. 
The dropped SWCNT fi lms were washed with DI water and methanol. 
This drop casting process was repeated several times until the desired 
SWCNT density was obtained. SWCNT networks were imaged by AFM 
(MFP3D) in AC mode. The transport performance of fabricated SWCNT 
TFTs was collected using a semiconductor parameter analyzer (Agilent 
4156B) under ambient conditions.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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