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ABSTRACT To facilitate solution deposition of single-walled carbon nanotubes (SWNTs) for integration into electronic devices they
need to be purified and dispersed into solutions. The vigorous sonication process for preparing these dispersions leads to large variations
in the length and defect density of SWNTs, affecting the resulting electronic properties. Understanding the effects of solution processing
steps can have important implications in the design of SWNT films for electronic applications. Here, we alter the SWNTs by varying
the sonication time, followed by deposition of sub-monolayer SWNT network films onto functionalized substrates. The corresponding
electrical performance characteristics of the resulting field effect transistors (FETs) are correlated with SWNT network sorting and
morphology. As sonication exposure increases, the SWNTs shorten, which not only affects electrical current by increasing the number
of junctions but also presumably leads to more defects. The off current of the resulting transistors initially increased with sonication
exposure, presumably due to less efficient sorting of semiconducting SWNTs as the defect density increases. After extended sonication,
the on and off current decreased because of increased bundling and fewer percolation pathways. The final transistor properties are
influenced by the nanotube solution concentration, density, alignment, and the selectivity of surface sorting of the SWNT networks.
These results show that in addition to chirality, careful consideration of SWNT dispersion conditions that affect SWNT length, bundle
diameter, and defect density is critical for optimal SWNT-FET performance and potentially other SWNT-based electronic devices.
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Single-walled carbon nanotubes (SWNTs) have at-
tracted much attention because of their extraordinary
mechanical and electronic properties. Potential ap-

plications (1) in diverse fields, such as transistors (2, 3),
transparent conducting electrodes (4), supercapacitors (5),
and sensors (6-8), have been demonstrated in the labora-
tory. However, their commercial use has been limited to
mostly structural applications instead of electronic devices.
The major obstacles to integration in electronic devices are
difficulties in the purification, chirality control, and controlled
assembly of this nanomaterial. While some of these chal-
lenges have been partially solved with various improved
vapor deposition growth processes (9), ubiquitous use of
SWNTs requires solution processable methods.

Our work focuses on room-temperature solution pro-
cessed SWNT network field effect transistors (FETs). Net-
works of SWNTs have been widely explored for electronic
applications due to their ease of fabrication (10, 11). These
previous reports typically used an unaligned, unsorted net-
works, and altered electrical percolation through the net-
works by careful control of SWNT density. While this ran-
dom architecture allows for facile processing and scalability,
device performance is compromised when compared to

individual SWNTs, primarily because of the mixture of
metallic and semiconducting SWNTs and resistance at
tube-tube junctions. To improve on random SWNT net-
works, aligned SWNT networks have been grown in CVD
processes on quartz and sapphire substrates and can be
subsequently transferred onto other surfaces (12, 13). Al-
though there have been refinements to this process including
removal of stripes (14) and optimization of growth condi-
tions (15), there still exist metallic tubes in the transistor
channel. Density gradient centrifugation (DGU) has been
used to isolate surfactant wrapped nanotubes of selective
diameters and chiralities (16). This method can be utilized
to create solutions consisting of primarily semiconducting
SWNTs (17, 18). However, the surfactants adsorbed onto the
SWNT walls are difficult to remove completely and may
degrade electronic properties.

Surface sorting is a process developed in our laboratory
for preparing partially aligned semiconducting or metallic
SWNT networks from solutions at ambient conditions (2).
SWNT chirality selection and alignment is achieved in an
one-step solution deposition process by controlling substrate
surface chemistry and spin coating speed (19). However, to
ensure efficient sorting, a dispersion of pristine SWNTs with
minimal bundling is critical. The as-grown SWNTs contain
many impurities, such as metal catalysts and amorphous
carbon, and need extensive purification before they are
suitable for electronic applications. In addition, strong van
der Waals interactions between nanotubes render unfunc-
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tionalized SWNTs insoluble in common solvents. Therefore,
SWNTs usually aggregate into bundles of many nanotubes
containing both semiconducting and metallic SWNTs. Struc-
tural applications may benefit from having bundles; how-
ever, for high performance electronic applications, the
mixture of chiralities results in degraded transistor properties
because of shorting or increased off current from metallic
SWNTs.

To solubilize SWNTs into a stable dispersion in water or
organic solvents, a myriad of solvents (20, 21) and surfac-
tants (22) have been reported. Various molecules such as
DNA (23), polymers (24), and ionic liquids (25) have also
been utilized for solubilization. Acid treatments (26), and
covalent functionalization techniques (27, 28) may also be
used to impart solubility, however, these processes dramati-
cally alter SWNT optical and electronic properties. Previous
work by other groups have shown that an ideal organic
solvent for SWNT dispersion should have a high tendency
for electron pair donation and a negligible value of hydrogen
bond donation, and should be slightly basic (29). We have
chosen to disperse SWNTs in N-methyl-2-pyrrolidone (NMP)
because it has been shown not only to effectively disperse
SWNTs (30), but has been shown to have a negative enthalpy
of mixing for small diameter SWNTs, resulting in individual-
ized nanotubes (31). Even though various methods for
dispersion have been studied extensively, little is known
about the effects of dispersion conditions, such as sonication
power and time, on surface sorting and the resulting elec-
tronic properties of devices.

In this paper, we investigate the effects of solution
dispersion conditions on surface sorting and the corre-
sponding self-sorted SWNT network field effect transistors.
We systematically vary the sonication time for dispersion
and examine the effect on solution concentration, SWNT
length, and degree of bundling. These parameters in turn
impact the surface sorting, adsorbed SWNT density, and
alignment and eventually the overall device performance.

EXPERIMENTAL PROCEDURE
Highly purified arc-discharge SWNTs were purchased from

Hanwha Nanotech (SWNT, ASP-100F). The as-prepared SWNTs
were dispersed at a concentration of approximately 5 µg/mL
in 200 mL of N-methyl-2-pyrrolidone (NMP) (Fisher Scientific)
by sonication at 225 W (Cole Parmer, Ultrasonicator Processor
CP 750). Aliquots (2 mL) were sampled at various times during
sonication. For batch 1, samples were taken at 10, 20, 30, 40,
60, 90, 120, 180, and 240 min. For batch 2, samples were taken
at 10, 20, 30, 45, 60, 90, 120, 150, 180, 210, 240, 300, 360,
420, and 480 min. An ice and water bath was used to keep the
solution from overheating. Following sonication, the solutions
were centrifuged at 15 000 rpm (SORVALL RC 5C Plus, SW-34)
for 90 min to remove large bundles and other impurities.
Solution characterization was performed on a Cary 6000i
UV-Vis-NIR spectrophotometer using a 1 cm wide quartz
cuvette. The as-purchased NMP was used for background
absorption correction. Piranha cleaned (Caution: Piranha solu-
tion is highly energetic and corrosive!) heavily doped silicon
substrates with 300 nm of thermally grown dry oxide (2.5 cm
× 1 cm) were placed in a 0.5% v/v solution of aminopropyltri-
ethoxysilane (APTES) in anhydrous toluene for 40 minutes
inside a dry N2 glove box, followed by 3 rinses with anhydrous

toluene. Contact angle goniometry was used to measure the
contact angle of the APTES monolayer (∼CA ) 65° ( 2°) as a
quick method to verify the quality of the self-assembled mono-
layer (SAM). A SWNT solution (400 µL for batch 1 and 330 µL
for batch 2) was dispensed drop wise (Headway Research spin-
coater) onto the center of an APTES-functionalized SiO2 wafer
at 4000 rpm, and then dried in a vacuum oven at 120 °C for
1.5 h. A syringe pump was used to precisely deliver the SWNT
solution at a rate of 60 µL/min to the spinning wafer during the
deposition step.

An atomic force microscope (AFM) (Digital Instruments,
model 401) was used to characterize the morphology and
density of the surface adsorbed SWNTs. Care was taken to
image the same region of each wafer along the center line ∼0.5
cm from the short edge of the wafer. Image-Pro (Media Cyber-
netics) and ImageJ (NIH) software was used to obtain statistics
on the density, length and alignment from 5.0 µm × 5.0 µm
scans. Bundle heights were obtained by using sectional analysis
of 2.5 µm × 2.5 µm images using the NanoScope (Digital
Instruments) software. Field effect transistors (FETs) were made
via thermal evaporation of gold source and drain electrodes (40
nm) through a shadow mask placed on the SWNT coated
functionalized Si/SiO2 wafers. The resulting SWNT-FETs had
channels of 50 µm in length and 1 mm in width. Electrical
characterization was performed using a semiconductor param-
eter analyzer, (Keithley, Model 4200) with a source-drain voltage
of -1 V (batch 1) or -0.1 V (batch 2) and gate voltage of 10 V
to -2 V.

RESULTS AND DISCUSSION
To investigate the effect of solution dispersion conditions

on SWNT-FET device characteristics, low concentration (∼5
µg/mL) SWNT/NMP solutions were prepared by sonication.
Sonication has been shown to de-bundle and at the same
time shorten SWNTs (32). Therefore, sonication time and
power determine the SWNT concentration, degree of bun-
dling, length, and defect density; all of which should affect
transistor properties. High-concentration solutions usually
contain bundles (31), which contain a mix of semiconducting
and metallic SWNTs resulting in primarily metallic conduc-
tion through the bundle and which can cause shorting of the
SWNT-FETs. Long SWNTs are desirable for both thin film
transistor (TFT) applications and conducting films as they
can potentially reduce the number of tube-tube junctions
in the SWNT network (33), which are the primary source of
resistance. Extensive sonication cuts SWNTs into shorter
segments (34) and introduces defects on the SWNTs, which
can scatter charge and further decreases conductivity.

UV-Vis Spectroscopy. Aliquots (2 mL) of SWNT
solutions were sampled at different time intervals during
sonication and subsequently centrifuged to remove larger
bundles. A convenient way to observe the effect of sonica-
tion and centrifugation is UV-vis-NIR spectroscopy. Inter-
band transitions between van Hove singularities in the
density of states can be observed in optical absorption
spectroscopy. Figure 1A plots the peak intensity of the EM

11

transition peak at 692 nm after centrifugation as a function
of sonication time. This peak is a prominent feature in the
spectra in a region where there should not be any back-
ground absorption. Batch 1 showed a lower absorption than
batch 2, primarily because of weighing error for milligram
quantities of nanotube powder. However, the observed

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 9 • 2672–2678 • 2010 2673



trends discussed in this section and later sections are
consistent, showing the general trend is reproducible. The
absorption intensity for both batches increased from 10 to
30 min as the energy from sonication broke up large bundles
allowing more SWNTs to disperse into solution. The absorp-
tion intensity slowly increased and peaked at 120 to 180 min
depending on the initial solution concentration.

The optical absorption of the centrifuged solution de-
creased after 120 to 180 min of sonication due to increased
bundling as evidenced from analysis of atomic force micros-
copy (AFM) images discussed in the next section. This may
be a result of increased water absorption from air by the
polar NMP solvent after extensive exposure in air. This
hypothesis is supported by the observation that some ab-
sorption features above 1000 nm in the spectra increased
with longer sonication times. They matched the peaks found
when water was added to NMP (Figure SI-1A) and were
attributed to water absorbed from the environment into the
hygroscopic NMP during sonication (30). The addition of
water into NMP/SWNT solutions has been shown to cause
the bundling of SWNTs (35). After extended sonication,
more SWNT bundles were present and after centrifugation
the concentration of individualized SWNTs and smaller
bundles was lower accounting for the lower absorption
intensities. We found a similar increase in background
absorption and in the NIR region for a neat NMP sonicated
without SWNTs (see Figure SI-1B in the Supporting Informa-
tion) and the color of NMP became yellow after extended
sonication. Oxidation (36) and heat-induced (37) reactions
in NMP have been reported in the literature. Even though
this solution was placed in an ice bath, bubble cavitation
created by sonication could locally heat and introduce radical
species, which could cause NMP to react and form other
species or even polymerize.

Spectroscopic evidence for shortening and debundling of
the SWNTs in the centrifuged solutions is provided in Figure
2 where the absorption spectra blue-shifts with increasing
sonication time. SWNTs extracted from density gradient
ultracentrifugation optimized for length separation also
showed this blue-shifting with shorter SWNTs (38), and
aggregation of SWNTs into bundles was correlated with a
red shift of the spectra (32). Therefore, the observed blue

shift is consistent with SWNT shortening and increased
debundling with increased sonication time. Also, the spectra
of centrifuged solutions are blue-shifted when compared to
the uncentrifuged solutions, indicating the removal of large
bundles from the solution.

The absorption coefficient of a solution sonicated for 30
min at 225 W without subsequent centrifugation was 0.0192
mL/(µg cm) at 692 nm. This is lower than the value of 0.0326
mL/(µg cm) at 660 nm reported by Giordani in NMP (30) on
0.0300-0.0347 mL/(µg cm) at 700 nm reported by Landi
in aminated solvents (39). We attribute this difference in
optical absorption coefficients to using arc-discharge vs
HiPCO SWNTs where arc-discharge SWNTs have, on aver-
age, larger diameters than HiPCO tubes.

Atomic Force Microscopy. The morphology of the
deposited SWNT networks was characterized by AFM. Image
analysis software was used to determine the density, length,
alignment and bundle height of representative samples. The
AFM images obtained from surfaces created with 10, 60, and
180 min samples from batch 1 and the 300 min sample from
batch 2 are shown in Figure 3 (additional AFM images from
other time points are shown in Figure SI-6 in the Supporting
Information). The averaged SWNT surface density obtained
from the length and bundle height analysis is plotted against

FIGURE 1. (A) Absorbance at 692 nm for solutions after centrifugation increased with time and the decreased after 120 to 180 min of sonication.
(B) SWNT surface density from AFM data follows a similar trend as the solution absorbance.

FIGURE 2. Blue shifting of the ES
33 absorption peak centered around

466 nm due to debundling and shortening of SWNTs with increased
sonication time. The peak position for centrifuged solutions are
blue-shifted compared to uncentrifuged peaks with the same soni-
cation time.
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the UV-vis-NIR absorbance of solutions in Figure 1B. The
solution concentration and the surface density after deposi-
tion follow similar trends of increasing initially, and then
slowly decreasing with increased sonication time. The amount
of solution deposited on the substrate for batch 2 was lower
than batch 1, but the higher concentration in solution
resulted in a slightly higher SWNT surface density for batch
2. A quantitative length analysis for batch 1 is displayed in
Figure 4A with box and whisker diagrams where the bounds
of the box represent the 75th and 25th percentiles of the
data set, the outer whiskers show the 95th and 5th percen-
tiles and the inner square and inner line represent the mean
and median, respectively. We observed a gradual decrease
in the SWNT length with extended time as well as a decrease
in length polydispersity between the 25th and 75th percen-

tiles. From Figure 4B, the height of SWNTs adsorbed on the
surface corresponding to bundle diameter increased initially
from 10 to 30 min. The 10 min sample has a narrower
distribution and a smaller height consistent with the diam-
eters expected for these arc-discharged SWNTs (1.4 ( 0.4
nm) (2) implying that the adsorbed SWNTS were mostly
individualized SWNTs. After 30 min of sonication, there was
a decrease in bundle height and polydispersity between the
25th and 75th percentiles as sonication further decreased
the bundle size. This general trend was also supported by
the blue shifting of UV-vis-NIR peaks discussed earlier in
Figure 2. After 180 min of sonication, there are fewer
individual SWNTs on the surface because of water absorp-
tion into NMP and solvent degradation by sonication as
discussed earlier. Length and bundle analysis for batch 2 are
presented in the Supporting Information.

Figure 5A shows the distribution of alignment vs length
from batch 1 with the angles normalized to 0° as the mean
of the alignment for all sonication times. There is a greater
degree of alignment anisotropy in the shorter SWNTs
(<1µm). The triangular shape of the distribution shows the
longer SWNTs have greater alignment in the direction of the
flow. The standard deviation in alignment of samples fab-
ricated can be used as a proxy for degree of alignment.
When this standard deviation is plotted against the average
length of SWNTs on a substrate, the degree of alignment is
greater in networks with longer SWNTs, as shown in Figure
5B. Aligned SWNT networks with a controlled amount of
misalignment are critical for optimal electronic percolation
(19, 40).

Electrical Characterization. The debundling of
SWNTs into smaller bundles and isolated SWNTs should
result in SWNT network thin film transistors (SWNT-TFTs)
with higher on/off ratios. However, we noticed that it also
depends on other factors, such as defects, CNT length,
solution concentration, tube density, alignment, and sorting
efficiency. We have made efforts to minimize the errors
from processing, but even for percolating networks with the
exact same density, there can be a large range of conduc-
tance (41), especially in the low density sub-monolayer

FIGURE 4. Box and whisker diagrams of SWNT length and height on functionalized surfaces as a function of sonication time for batch 1. (A)
Bundle length decreased gradually with sonication time. (B) Bundle height increased at first with time until 30 min of sonication as larger
bundles were broken up and debundled with increased sonication. From AFM analysis, the diameter of the arc-discharge SWNTs used are 1.4
( 0.4 nm (2). A compromise between SWNT length, height, and surface adsorption yield occurs at 30 min. The outer whiskers of the box and
whisker diagrams show the 95th and 5th percentiles of the data set. The box represents the 75th and 25th percentiles and the inner square
and inner line represent the mean and median, respectively.

FIGURE 3. AFM images of SWNTs adsorbed via spin coating onto
APTES functionalized SiO2 wafers. (A-C) Batch 1, 10, 60, and 180
min sonication times, respectively. (D) Batch 2, 300 min sonication
time. For sonication times <180 min, longer sonication times
generally resulted in more surface tube density, shorter tubes, and
less alignment. For times >180 min, the surfaces had more SWNT
bundles and lower surface density because of sonication and water-
induced solvent effects. The scale bar for all images is 1 µm.
Additional images are included in the Supporting Information.
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networks presented here However, general trends were
found to be consistent with data from many devices pre-
pared in different batches.

In panels A and B in Figure 6, box and whisker diagrams
display the on and off current distribution of 9-13 transis-
tors fabricated on the same wafer for each of the sonicated
solutions. The bounds of the box represents the 75th and
25th percentiles of the data set, the outer whiskers show the
95th and 5th percentiles, and the inner line represents the
mean. There appears to be two regimes present from this
data: the first is dependent on concentration and surface
sorting and the second in extended time range limited by
solvent bundling effects. For the first time period during
sonication up to 180 min, the on current is on the order of
a tenth of microamp to a microamp with variations following
the solution concentration and the surface density. However,
the off current for these devices surprisingly increased with
sonication time, resulting in decreasing on/off ratios as
shown in Figure 6C.

From the percolation theory, the percolation threshold
and conductivity of a network of sticks are dependent on
density, alignment, length, length polydispersity among
other factors. The conductivity of a percolating network has
a power law relation to the density above the percolation
threshold (42).

where σ is the conductivity, N is the SWNT density, NC is the
percolation threshold, and R depends on the dimensionality
of the space, theoretically predicted to be 1.33 for two-
dimensional systems and 1.94 for three-dimensional sys-
tems. The percolation threshold is dependent on the average
length of the stick (Ls) and the angle of alignment.

where f is dependent on the length and alignment distribu-
tion. It is equal to 4.236 for an isotropic network with
uniform stick lengths and is 2.0 for a network with a log
normal length distribution. As the length of the SWNT

decreases, the percolation threshold increases. This could
explain why the on current remains at the same order of
magnitude even though the lengths decrease. As the soni-
cation time increased, the SWNT surface density post-
deposition increased as more SWNTs remained in solution
after centrifugation while the length of the tubes decreased,
resulting in a higher percolation threshold. The change in
percolation threshold, however, cannot explain the increase
of the off current with extended sonication time. If two
surfaces have the same surface SWNT concentration but
different lengths, the sample with shorter SWNTs will have
a larger percolation threshold and a lower conductivity than
a sample with longer SWNTs. The off current mainly de-
pends on the contribution of the metallic SWNTs which are
expected to be ∼1/3 of the SWNTs if unsorted. If the
difference between density and percolation threshold stays
constant as implied by the constant on current, one would
expect the conductivity in the off state, where the density is
∼1/3 of the on-state density, to decrease with decreasing
stick length and become less than the percolation threshold.
This is the opposite of what is observed.

If the ratio of semiconducting to metallic SWNTs de-
creases, then there would be an increase in the off current.
We have previously proposed a mechanism for chirality
enrichment by surface sorting (43). Briefly, the Lewis base
nature of the NMP solvent resulted in a net negative charge
on the SWNT defects in solution (29). When this SWNT
solution is spin-coated onto APTES-functionalized wafers,
electrostatic interactions at the positively charged surface
preferentially attracts larger diameter SWNTs. For the arc-
discharge SWNTs used in this study, the larger diameter
SWNTs are primarily semiconducting. The small curvature
of the larger diameter tubes resulted in a greater interaction
of carboxylic acid defects and the amine surface led to more
semiconducting SWNTs adsorbing on the surface while the
weaker bound metallic SWNTs fly off the substrate with
excess solvent because of the hydrodynamic forces from the
spin-coating process. Sonication has been shown to cut
SWNTs as well as increase the amount of defects on SWNT
surfaces. The smaller diameter SWNTs have a larger bond
strain because of increased curvature (44) and would be
more likely to have sonication introduced defects. With

FIGURE 5. (A) SWNT alignment distribution for substrates from batch 1 as a function of SWNT length measured by AFM. Short SWNTs have
the most angular anisotropy. (B) Standard deviation for the degree of alignment is plotted against the average SWNT length. The networks
created from longer SWNTs have better alignment.

σ ≈ (N - NC)α

NC ) f 2/πLs
2
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longer sonication times, more defects would occur on the
smaller diameter arc-discharge metallic SWNTs resulting in
a decrease in the efficacy of self-sorting and an increase in
the off current.

The second regime is dominated by the decreased con-
centration of SWNTs in solution and density on the surface.
After 180 min, both the on and off currents decreased as a
result of more SWNTs centrifuged out after water induced
bundling. There is less percolation and an increased spread

in distribution, especially in the off current, where there is a
very low density of metallic SWNTs and little chirality control
from surface sorting because of the sonication induced
defects. The charge carrier mobility also had a significant
change in this regime and decreased by two orders of
magnitude as shown in Figure SI-5 in the Supporting Infor-
mation. It should be noted that the devices from longer
sonication times (batch 2, 420, and 480 min) did not have
adequate SWNT surface density for percolation and resulted
in insulating devices.

CONCLUSION
We show that changing the solution processing condi-

tions for surface-sorted SWNT transistors changes the prop-
erties of the solution, length of SWNTs, and the metallic and
semiconducting ratio of SWNTs adsorbed on the surface. For
optimal SWNT transistor networks with high on/off ratios,
and long unbundled SWNTs, a short (10 min) sonication time
is required. However, comparable length distributions and
good transistor performance with increased solution con-
centration can be obtained with slightly longer times up to
40 min. Even longer sonication times reduce the lengths of
the SWNTs and degrade the on/off ratio of surface-sorted
SWNT networks by introducing defects, shortening the
SWNTs, and degrading the NMP solvent. These changes
affect the device properties of the final transistor network.
Understanding of the SWNT dispersion conditions is critical
to the optimized performance of electronic devices.
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