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ABSTRACT 
Semiconducting single-walled carbon nanotubes (s-SWNTs) with a purity of ~98% have been obtained by gel 
filtration of arc-discharge grown SWNTs with diameters in the range 1.2–1.6 nm. Multi-laser Raman spectroscopy 
confirmed the presence of less than 2% of metallic SWNTs (m-SWNTs) in the s-SWNT enriched sample. 
Measurement of ~50 individual tubes in Pd-contacted devices with channel length 200 nm showed on/off ratios 
of >104, conductances of 1.38–5.8 μS, and mobilities in the range 40–150 cm2/(V·s). Short channel multi-tube devices 
with ~100 tubes showed lower on/off ratios due to residual m-SWNTs, although the on-current was greatly 
increased relative to the devices made from individual tubes. 
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One of the long standing hurdles encountered in the 
practical use of carbon nanotubes for electronics is the 
surplus of chiral varieties produced by most methods 
of synthesis. The realization of high performance logic 
circuits requires s-SWNT field-effect transistors (FETs) 
exceeding current silicon counterparts. The presence 
of metallic nanotubes results in significantly lower 
on/off ratios and should be completely eliminated. 
Much experimental work has been performed recently 
to enrich s-SWNTs, and long channel thin-film 
transistors (TFTs) using these sorted tubes have been 
studied. Less work has been done on short channel 
devices due to the more stringent s-SWNT purity  
requirements. 

In order to obtain single-walled carbon nanotube 

(SWNT) transistors with both high on-current and high 
on/off ratio [1–7], it is necessary to employ highly pure 
s-SWNTs with a suitable diameter range. Previous 
short channel FETs have used mostly semiconducting 
tubes with small diameters <1.1 nm [8–10]. Larger 
diameter SWNTs could afford higher mobility and 
higher on-state currents exceeding that of Si devices 
with similar width. There are currently a large number 
of approaches to enrich s-SWNTs, from manipulating 
growth conditions to preferentially grow semi- 
conducting tubes [11], to separation [12–15] and 
post-processing procedures that are intended to 
remove metallic nanotubes and render the materials  
insulating [16–20]. 

One of these approaches, solution phase separation, 
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offers an effective way to purify carbon nanotubes to 
purities above 99% prior to deposition on a substrate. 
Gel filtration [14, 21–23], dielectrophoresis [24], density 
gradient ultracentrifugation [13, 25–26], and a variety 
of other methods [12, 27–29] have been employed for 
solution phase separation. While the performance of 
the thin films of SWNTs that can be formed from these 
techniques has been widely studied for long channel 
thin-film devices [30–32] much less work has been 
done to assess the purity of s-SWNTs and possible 
performance of short channel FETs composed of large 
numbers of s-SWNTs. This ideally requires 100% 
s-SWNT purity to achieve acceptable on/off ratios. 
Short channel FETs have been formed from solutions 
of semiconductors with extremely high purity [8, 10], 
and in one case, devices were formed of s-SWNTs with 
exclusively chirality (10, 5) and diameter 1.03 nm [9]. 
While these studies have shown the viability of these 
approaches for fabricating FET devices with respect to 
on/off ratios, the efficiency of separation and sorting 
has typically decreased in effectiveness as diameter 
has increased. Previous short channel FETs have used 
mostly semiconducting tubes with small diameters 
<1.1 nm, with consequently lower on-currents [33]. In 
this work, we investigated arc-discharge synthesized 
SWNTs with diameters 1.2–1.6 nm that had been 
repeatedly sorted via gel filtration to a purity of  
>98% [23]. 

The starting material was purified SWNTs produced 
by arc discharge (Meijo, Type-SO) dispersed in a 
solution of 1 wt.% sodium cholate. Sephacryl S-200 
(GE Healthcare) was used as a gel filter for the 
separation. Prior to separation, an equal volume of 1 
wt.% sodium dodecyl sulfate (SDS) was added to the 
solution. The solution was then passed through the 
gel; m-SWNTs were eluted by 1 wt.% SDS, and the 
s-SWNTs still trapped within the gel were then eluted 
with a 1 wt.% sodium cholate solution. For higher 
purity, the resulting solution was then passed multiple 
times through the gel in the same manner. A TFT with 
channel length 40 μm had mobility of 164 cm2/(V·s) 
and on/off ratio of 106. Normalized by the channel 
width of 200 μm, the device had a transconductance  
of 0.78 S/m [23]. 

Visible–near infrared (vis–NIR) absorption spectro- 
scopy was first used to confirm that the M11 peaks near 

700 nm had been largely removed (Fig. 1(a)). One of 
our groups has previously estimated the purity of the 
semiconducting SWNTs obtained using this method 
to be near 99%, by comparison of their absorption 
properties with those reported by Engel et al. [26]. In 
this work, the SWNT solution was drawn into capillary 
tubes for solution phase Raman spectroscopy. Raman 
spectroscopy measurements were taken using a Horiba 
HR800 Raman system with 532, 633, and 785 nm 
excitation. Several peaks corresponding to nanotube 
radial breathing modes (RBM) were observed in the 
spectra [34, 35]. Under the 532 nm excitation, the 
RBM (ωRBM) was found at 170 cm–1, corresponding to 
a s-SWNT with diameter (dt) of 1.46 nm according to 
the equation ωRBM = 248/dt [36]. The 785 nm-excited 
Raman spectrum also contained a RBM metallic peak 
at 160 cm–1. This peak shows that there are still metallic 
tubes present with diameters of ~1.55 nm. It should be 
noted that the intensities of the m-SWNT RBM peaks 
relative to those of the s-SWNT RBM peaks were very 
low compared to the values in the starting SWNT 
samples that had not been purified (Fig. 1(b)). Using the 
ratios of the intensity of the 785 nm-excited m-SWNT 
peak to the 532 nm-excited s-SWNT peak (8:1 in the 
as-made solution and 0.25:1 in the separated solution),  

 
Figure 1 (a) Absorption spectra of the as-made solution and the 
separated SWNT solution. (b) Solution-phase Raman spectra of 
the as-made solution (top panel) and separated SWNT solution 
(bottom panel) under 532 nm excitation and 785 nm excitation. 
Listed are the ratios of the s-SWNT RBM peak intensities under 
532 nm excitation to the m-SWNT RBM peak intensities under 
785 nm excitation. Raman measurement parameters were kept 
the same for the same excitation wavelength. (c) AFM image of 
the separated SWNT solution spun onto 300 nm SiO2/Si 
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it was estimated that the percentage of m-SWNTs   
in the separated solution had decreased to ~1.1%, 
assuming the starting sample contained 33% m-SWNT. 
This purity estimate was consistent with that from the  
vis–NIR spectra. 

In order to further assess the purity level as well as 
to measure some of the individual RBM peaks of 
tubes, the SWNT solution was deposited via drop- 
drying onto SiO2/Si substrates (oxide thickness of 
300 nm) which were then rinsed in water over 24 hours 
to help remove the residual surfactant. Samples were 
annealed at 900 °C in vacuum for 20 min to clean 
them. Raman mapping was then performed on areas 
densely populated with tubes (Figs. 2(a)–2(f)). Using 
532 nm excitation, we observed a range of RBM peaks 
from 160 cm–1 to 195 cm–1, corresponding to s-SWNTs 
of 1.27 to 1.55 nm in diameter (Figs. 2(a) and 2(b)). 
Fewer peaks were found in the 633 nm measurements 
(Figs. 2(c) and 2(d)), including peaks at 153 cm–1 and 
171 cm–1 corresponding to s-SWNTs, as well as peaks 
at 198 cm–1 corresponding to m-SWNTs. Exciting the 
tubes at 785 nm reproduced the single peak at 
160 cm–1 found earlier (Figs. 2(e) and 2(f)). The rarity 
of these last two peaks over the mapping areas 
confirmed that the solution has been highly purified  
and enriched in s-SWNTs.  

Atomic force microscopy (AFM) measurements of 
SWNT diameters confirmed that tubes with diameters 
of 1.2–1.6 nm were present in the sample (Fig. 1(c)). 
The mean of the distribution was found to be 1.4 nm; 
the majority of tubes were found to be between 
1.3 nm and 1.5 nm. These results are consistent with 
the Raman spectra; the most common RBM peak 
found over the mapping areas corresponds to tubes  
with diameter ~1.4 nm. 

Electrical devices were fabricated on SiO2/Si (oxide 
thickness of 10 nm) substrates. In order to study both 
the performance of devices consisting of individual 
tubes as well as the performance of devices consisting 
of many tubes in parallel, the carbon nanotube solution 
was drop-dried as well as spin coated onto several 
substrates. As with the substrates studied by Raman 
spectroscopy, the samples were rinsed in water 
overnight and annealed in vacuum at 900 °C for 20 min. 
Individual tubes were identified and located by AFM 
imaging and contacted by 20 nm Pd electrodes defined 
by electron-beam lithography to form source and drain  

 
Figure 2 Raman spectra of drop-dried SWNT samples on SiO2/Si 
under (a) 532 nm, (c) 633 nm, and (e) 785 nm excitation. Areas of 
graph covered in blue mark Raman shifts corresponding to s-SWNT 
RBM peaks. Areas in red mark shifts corresponding to m-SWNT 
RBM peaks. The peak at ~225 cm–1 is from the substrate. Raman 
mapping using (b) 532 nm, (d) 633 nm, and (f) 785 nm excitation. 
Areas containing s-SWNT RBM peaks are represented in green. 
Areas containing m-SWNT RBM peaks are shown in red 

contacts spaced 200 nm apart. In order to improve 
the contact resistance, the devices were annealed in 
vacuum at 180 °C for 20 min [6]. Additional devices 
were made by random electrode deposition, and AFM 
imaging was used to select the devices with individual 
tubes. Multiple SWNT devices were lithographically 
defined without AFM imaging at channel lengths of  
100 nm on the drop-dried samples. 

The devices made from individual tubes had  
CNT diameters ranging from 1.23 nm to 1.50 nm as 
measured by AFM (Figs. 3(a) and 3(b)). Under ambient 
conditions, the conductance of the SWNT devices at 
1 V bias voltage was found to range from 1.38 μS to 
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5.8 μS. This is comparable to previous measurements 
on CVD-grown tubes with diameters less than 1.5 nm, 
indicating that the separation and cleaning of the tubes 
had not resulted in additional damage to the tubes 
[6, 33]. Sub-threshold swings of the devices were found 
to range from 130 to 400 mV/dec. The on/off ratio was 
>104 for all of the single tube devices, indicating that 
of the individual tubes measured, none were metallic. 
The calculated effective mobilities of the tube devices 
ranged from 40–150 cm2/(V·s) (the gate capacitance 
varied depending on the precise channel length; the 
average of the values calculated by three-dimensional 
(3D) electrostatic simulation for the nominal device  
was 7.24 aF) [37]. 

The calculated effective mobility was relatively low 
compared to the highest performance SWNT FETs 
based on d~1.7 nm SWNTs. This can be attributed to 

the fact that Schottky barriers occurring at the contacts 
with nanotubes with diameter <1.5 nm reduced the 
amount of current that passed through the contacts 
into the tube [5, 6, 33]. It is also possible that defects 
still existed in these SWNTs within the 200 nm channel  
length.  

Measurements of densely spaced multi-SWNT 
devices revealed different performances to those of 
the single tube devices (Figs. 3(c), 3(d), and 4(a)–4(c)). 
The number of tubes throughout the device was 
estimated by multiplying the film density near the 
devices (as measured by AFM) by the channel width. 
Although the on-current was substantially higher, as 
expected from a device consisting of multiple tubes, 
the on/off ratios for the devices were found to range 
from 3 to 104. The higher on/off ratios only occurred 
in devices with fewer than 15 tubes. On average, the 

 

Figure 3 (a) Source–drain current vs. backgate voltage (Ids–Vgs) characteristics of a single SWNT device at 1 V source drain bias (Vds) in 
vacuum. Inset: AFM image of the device. (b) Ids–Vds characteristics of the same single SWNT device at Vg in 0.4 V intervals from –5 to 5 V.
(c) Ids–Vgs characteristics of a device connected by 8 SWNTs at Vds set to 1 V in ambient. (d) Ids–Vds characteristics of the same device at Vg

at intervals of 1 V from –5 to 5 V 
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devices gained ~1.2 μA of on-current per additional 
tube. Several devices with ~10 μA on-current were able 
to maintain on/off ratios >104 (Fig. 3(c)). Devices with 
the number of tubes required to reach hundreds of 
μA had much lower on/off ratios (Figs. 4(a) and 4(b)). 
In order to investigate the cause of the low on/off   

 
Figure 4 (a) Source-drain current vs. backgate voltage (Ids–Vgs) 
characteristics of a multiple SWNT device at 1 V source drain 
bias (Vds) in ambient. Right: AFM image of part of the device. (b) 
Ids–Vds characteristics of the same multiple SWNT device at Vg 
spaced at 1 V from –5 to 5 V. (c) Left: Raman mapping of device 
channel under 785 nm excitation. m-SWNT RBM peak in red. 
Right: Raman spectra corresponding to the area in red. ~225 cm–1 
peak is from the substrate 

ratios for the large-number multiple tube devices, 
Raman spectroscopy was performed on the tubes 
within the channel area. Although the signal strength 
was considerably weakened due to the substantially 
thinner dielectric of 10 nm oxide, measurements on 
several devices revealed the presence of metallic tubes 
within the channel (Fig. 4(c)). In Fig. 4(c), a RBM peak 
found under the 785 nm excitation revealed the presence 
of a 1.55 nm metallic nanotube that causes the on/off  
ratio to drop significantly.  

In comparison to previous work on short channel 
multiple CNT devices based on separated SWNTs 
(d < 1.1 nm) [8–10], the larger diameter of the individual 
SWNTs used here (d ~ 1.4 nm) resulted in smaller 
bandgaps ( >750 meV vs. >600 meV) [35], which led to 
lower Schottky barriers and higher mobility allowing 
for better performance on a per tube basis [7]. This 
decreases the number of tubes in the channel needed 
for a given on-current. Devices with ~10 tubes showed 
better on-currents and comparable on/off ratios to 
devices composed of fewer or similar numbers of tubes 
to those in earlier reports. This is indicative of s-SWNT 
tubes with similar purities, but with larger currents per 
tube. Compared to the (10, 5) SWNTs, for example, 
the average current per tube at Vds = – 1 V is ~5 times 
higher (~1.2 μA to ~0.25 μA) [9]. It should be noted that 
the device performance is still worse than that of large 
diameter ~1.7–2.0 nm SWNT FETs, which were capable 
of achieving on-currents of 20 μA with on/off ratios of 
105 for individual semiconducting SWNT devices [6]. 
While a s-SWNT purity of ~99% is sufficient to obtain 
currents of tens of μA without metallic tubes within the 
channel, larger currents cannot yet be reliably obtained 
without incurring low on/off ratios. It is therefore still 
necessary to increase the purity of s-SWNTs to 100%, 
in order to obtain high performance, short channel  
SWNT FETs for advanced electronics applications.  

In summary, we have investigated the purity and 
electrical properties of highly enriched semiconducting 
SWNTs with an average diameter of ~1.4 nm. Inves- 
tigation with Raman spectroscopy of the SWNTs both 
in solution and deposited on a substrate confirmed 
the low percentage of m-SWNTs. Measurements on 
individual tubes in fabricated Pd contacted devices 
with channel length 200 nm showed conductances 
from 1.38 μS to 5.8 μS as well as mobilities from 
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40–150 cm2/(V·s), with high on/off ratios, comparable to 
those in previous work using tubes of this diameter. 
Short channel multiple tube devices showed that 
although the on-current using separated arc tubes 
could be increased to hundreds of μA, the on/off ratios 
were substantially lower, even for high percentages of 
semiconducting SWNTs. Raman mapping of the device 
channels confirmed that the reason for the lower ratios 
was the presence of residual metallic tubes within the 
device. The use of highly purified arc-discharge tubes 
is a step forward from previous work with tubes of 
diameter <1 nm, giving substantially higher current 
per tube in single and multiple tube devices. Ideally, 
the diameter range of enriched s-SWNT solutions 
needs to be pushed further towards 1.6–1.8 nm while 
further increasing purity. This will allow high yields 
of high performance SWNT FETs with high on/off 
ratios and currents of hundreds of μA to be reliably  
fabricated. 
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