
Nanoscale

PAPER

Pu
bl

is
he

d 
on

 1
4 

Ja
nu

ar
y 

20
14

. D
ow

nl
oa

de
d 

by
 M

PI
 F

es
tk

oe
rp

er
fo

rs
ch

un
g 

on
 1

4/
03

/2
01

7 
13

:0
1:

20
. 

View Article Online
View Journal  | View Issue
aSecurity and Disruptive Technologies Portfo

M-12, 1200 Montreal Road, Ottawa, Onta

ding@nrc-cnrc.gc.ca
bSecurity and Disruptive Technologies Portfo

M-50, 1200 Montreal Road, Ottawa, Ontar

malenfant@nrc-cnrc.gc.ca
cSecurity and Disruptive Technologies Portfo

100 Sussex Drive, Ottawa, Ontario, K1A 0R
dMeasurement Science and Standards, 100 S

Canada

Cite this: Nanoscale, 2014, 6, 2328

Received 16th October 2013
Accepted 19th December 2013

DOI: 10.1039/c3nr05511f

www.rsc.org/nanoscale

2328 | Nanoscale, 2014, 6, 2328–2339
Enrichment of large-diameter semiconducting
SWCNTs by polyfluorene extraction for high
network density thin film transistors†

Jianfu Ding,*a Zhao Li,a Jacques Lefebvre,b Fuyong Cheng,c Girjesh Dubey,‡c

Shan Zou,d Paul Finnie,b Amy Hrdina,c Ludmila Scoles,e Gregory P. Lopinski,d

Christopher T. Kingston,c Benoit Simardc and Patrick R. L. Malenfant*b

A systematic study on the use of 9,9-dialkylfluorene homopolymers (PFs) for large-diameter

semiconducting (sc-) single-walled carbon nanotube (SWCNT) enrichment is the focus of this report.

The enrichment is based on a simple three-step extraction process: (1) dispersion of as-produced

SWCNTs in a PF solution; (2) centrifugation at a low speed to separate the enriched sc-tubes; (3)

filtration to collect the enriched sc-SWCNTs and remove excess polymer. The effect of the extraction

conditions on the purity and yield including molecular weight and alkyl side-chain length of the

polymers, SWCNT concentration, and polymer/SWCNT ratio have been examined. It was observed

that PFs with alkyl chain lengths of C10, C12, C14, and C18, all have an excellent capability to enrich

laser-ablation sc-SWCNTs when their molecular weight is larger than �10 000 Da. More detailed

studies were therefore carried out with the C12 polymer, poly(9,9-di-n-dodecylfluorene), PFDD. It

was found that a high polymer/SWCNT ratio leads to an enhanced yield but a reduced sc-purity. A

ratio of 0.5–1.0 gives an excellent sc-purity and a yield of 5–10% in a single extraction as assessed by

UV-vis-NIR absorption spectra. The yield can also be promoted by multiple extractions while

maintaining high sc-purity. Mechanistic experiments involving time-lapse dispersion studies reveal

that m-SWCNTs have a lower propensity to be dispersed, yielding a sc-SWCNT enriched material in

the supernatant. Dispersion stability studies with partially enriched sc-SWCNT material further reveal

that m-SWCNTs : PFDD complexes will re-aggregate faster than sc-SWCNTs : PFDD complexes,

providing further sc-SWCNT enrichment. This result confirms that the enrichment was due to the

much tighter bundles in raw materials and the more rapid bundling in dispersion of the m-SWCNTs.

The sc-purity is also confirmed by Raman spectroscopy and photoluminescence excitation (PLE)

mapping. The latter shows that the enriched sc-SWCNT sample has a narrow chirality and diameter

distribution dominated by the (10,9) species with d ¼ 1.29 nm. The enriched sc-SWCNTs allow a

simple drop-casting method to form a dense nanotube network on SiO2/Si substrates, leading to thin

film transistors (TFTs) with an average mobility of 27 cm2 V�1 s�1 and an average on/off current ratio

of 1.8 � 106 when considering all 25 devices having 25 mm channel length prepared on a single chip.

The results presented herein demonstrate how an easily scalable technique provides large-diameter

sc-SWCNTs with high purity, further enabling the best TFT performance reported to date for

conjugated polymer enriched sc-SWCNTs.
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Introduction

Since their discovery in the early 1990's,1,2 carbon nanotubes
(CNT) have attracted tremendous attention due to their
outstanding properties such as mechanical strength, exibility,
conductivity as well as optical and electronic properties.3 CNT
materials and related composites are expected to be ideal
candidates for various applications including photovoltaic
devices,4–6 thin lm transistors,7,8 printable electronics,8–11 and
sensors.12–15

An important class of carbon nanotubes are single-walled
carbon nanotubes (SWCNTs). Their optical and electronic
properties are dependent on their chiralities, dened by their
chiral indices (n, m).16 When n ¼ m, they are “armchair”
SWCNTs, being metallic with a zero bandgap. When n � m ¼ 3i
and i s 0, the SWCNTs have a very small bandgap, and are
generally considered as metallic. When n � m ¼ 3i � 1, the
SWCNTs are semiconducting. Lastly, the SWCNTs with chiral
indices of (n, 0) are referred to as “zig-zag” and they could be
either metallic or semiconducting following the above rule.

Several methods can be used to produce SWCNTs which vary
in the distribution of chiralities, diameter range, semicon-
ducting/metallic (sc-/m-) content and average length. For
example, HiPco and CoMoCat SWCNTs are relatively small in
diameter (0.6–1.3 nm), while arc-discharge, laser (laser-abla-
tion)17 and plasma18–20 SWCNTs are relatively large (1.0–
1.9 nm).21 In the most common syntheses, SWCNTs are
produced as ensemble samples containing both metallic and
semiconducting nanotubes with a distribution of chiralities.22a

They usually contain less than 70% sc-SWCNTs, and only some
specic techniques such as CVD (e.g. using Cobalt Molybdenum
alloy catalyst – CoMoCat), can one obtain a sc-SWCNT content
as high as 95% via synthesis alone.22b For many applications,
such as thin lm transistors (TFTs), a much higher sc-purity is
required and in unique cases, single chirality SWCNTs may be
desired.23,24 Therefore, the sc-purity of the as-prepared SWCNTs
has to be promoted by the use of a purication and enrichment
process.

Many methods have demonstrated the effective enrichment
and isolation of sc-SWCNTs with a high sc-purity as assessed by
absorption spectroscopy.25 Some common methods are density
gradient ultracentrifugation (DGU),26,27 gel chromatography
(GC),28–30 dielectrophoresis31 and selective extraction by conju-
gated polymers.22,32–35 Recently, a method based on the partition
of nanotubes into two immiscible aqueous phases by exploiting
the subtle differences in hydrophobicity between metallic and
semiconductor nanotubes has been reported.36 Amongst these
options, we believe that chromatography, partition separation
and conjugated polymer extraction provide a clear path to
scalable enrichment of sc-SWCNTs. The relative simplicity of
the conjugated polymer extraction process, which generally
entails a dispersion followed by a centrifugation step, distin-
guishes it as a cost-effective method for the isolation of
sc-SWCNTs with >99% semiconducting content. The interplay
between inter-nanotube interactions and polymer – nanotube
binding affords this separation method a high selectivity based
This journal is © The Royal Society of Chemistry 2014
on differences in the inherent electronic properties between
metallic and semiconducting nanotubes. Furthermore, “wrap-
ping” by the polymer encourages the dispersion of individual
SWCNTs and provides a means of separation between m-/sc-
nanotubes. This provides extremely high purity of SWCNTs, as
will be required, for example, for high frequency logic applica-
tions.30,37,38 In addition, the composition and architecture of the
polymer side chains can be adjusted to balance the solubilisa-
tion and interaction with the nanotubes to optimize the selec-
tivity. Also, the molecular design of the conjugated polymer
main-chain will provide unique interactions with the nanotubes
as well as some other desired properties such as controllable
decomposability.39–41 The latter is relevant should complete
removal of the polymer post-enrichment be required.

The rst disclosure that conjugated polymers could selectively
disperse semiconducting SWCNTs and lead to enriched fractions
of relevance for thin lm transistor fabrication can be found in
the patent literature.42,43 Subsequently, a report by Nicholas
demonstrated the exceptional selectivity that could be achieved
with polyuorene derivatives towards specic semiconducting
SWCNT chiralities.22 To date, many homo- and copolymers of
phenylenevinylene,34,44–48 carbazole,49 thiophene,32,50 and uo-
rene,22,34,51–59 have been investigated, yet in many cases only
relatively small diameter SWCNTs could be enriched. For
example, poly(3-dodecylthiophene) (P3DDT) displayed a prom-
ising result in the separation of HiPCO tubes.32,33 However we
observed that P3DDT had poor capability in separating larger
diameter SWCNTs such as the SWCNTs derived by laser ablation
or plasma synthesis. It is the larger diameter SWCNTs that are
more desirable when trying tominimize contact resistance and to
obtain a large mobility in thin lm transistors.53 Similarly, it has
been observed that poly(9,9-dioctyluorene), PFO has a high
selectivity in dispersing small-diameter sc-SWCNTs with large
chiral angles (20� # q # 30�),23,34,52–58 but not large-diameter
SWCNTs. The latter are believed to be difficult to disperse and to
enrich owing to the strong interaction between these nanotubes
that is associated with the low curvature of the nanotube wall.60

As a result, co-monomer units have been introduced into the
polyuorene main chain in order to target specic tube chiral-
ities/diameters. They include: phenylene-1,4-diyl,34 thiophen-2,5-
diyl,57,58 anthracene-9,10-diyl,52 anthracene-1,5-diyl,52 naphtha-
lene-1,5-diyl, 2,2-bithiophene-5,50-diyl,52,61 and benzo-2,1,3-thia-
diazole-4,7-diyl.34,51,52

Furthermore, the length of the side alkyl chain of PFs has a
signicant impact on the enrichment effectiveness.59,62–66 PFs
with 12-carbon side chains showed an improved selectivity
towards sc-SWCNTs with larger diameters.59–63 Successful
enrichment with uorene based homopolymers and copoly-
mers were recently reported for larger diameter SWCNTs with
alkyl chains ranging from C12 to C18.59,67 While several recent
reports highlight the isolation of high purity large-diameter sc-
SWCNTs using various methods or combinations thereof, only a
few reports include the TFT performance of these mate-
rials.43,57,59,60 TFT device performance is an effective way to
validate the high sc-purity of enriched sc-SWCNTs when
simultaneously considering mobility, on/off current ratio and
current density.
Nanoscale, 2014, 6, 2328–2339 | 2329
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Herein, we show that 9,9-dialkyluorene homopolymers
with optimized molecular weight and adequately long alkyl
side-chains are highly effective at selectively dispersing large-
diameter, laser-derived sc-SWCNTs in toluene. A simple
combination of dispersion, centrifugation and ltration steps
provided SWCNTs with a sc-purity higher than 99% as assessed
by absorption spectroscopy. We also present a mechanistic
interpretation of this polymer driven enrichment of sc-SWCNT
using time-lapse studies. This process utilizes a conjugated
polymer with a simple structure (homopolymer vs. copolymer)
which will positively affect the cost of this process. Thin lm
transistor devices utilizing the enriched sc-SWCNTs as the
channel semiconductor possess an average mobility of 27 cm2

V�1 s�1 and current on/off ratio of 1.8 � 106 when considering
all 25 devices with a 25 mm channel length prepared on a single
wafer via a simple drop-cast protocol and using a parallel plate
model for mobility calculation. This is the best TFT perfor-
mance data reported so far for conjugated polymer enriched
large-diameter sc-SWCNTs. The generality of this approach is
further evidenced by the successful enrichment and similar
device performance for plasma derived SWCNTs, which can be
synthesized in kilogram quantities via a commercial
process.18–20
Experimental section
Chemicals

All chemicals and solvents (HPLC grade) were purchased from
Sigma-Aldrich and used as received. Poly(9,9-dialkyluorenes)
with C10, C12, C14 and C18 alkyl side-chains were prepared by
the Suzuki coupling reactions, as detailed in the ESI.† SWCNT
soot was prepared using a laser ablation technique from bio-
char.17 Its SWCNT content was estimated to be 53 wt% from the
TGA curve of the raw sample, see ESI.† Due to the possible
catalytic decomposition of the SWCNTs at temperatures lower
than 600 �C, the actual SWCNT content could be slightly higher
than this value.68
Characterization

Proton nuclear magnetic resonance (1H NMR) spectra were
recorded using a Varian Unity Inova spectrometer at a reso-
nance frequency of 400 MHz. The chemical shis relative to
tetramethylsilane are reported on the ppm scale. The molecular
weights of the polymers were determined by size exclusion
chromatography (SEC) in THF using a Viscotek SEC system,
which consists of a Viscotek VE1122 HPLC pump coupled with a
Viscotek TDA Triple detector and a Viscotek 2501 UV detector
operated at 260 nm. A set of ViscoGEL columns (G3000H,
G4000H and G5000H) was used and calibrated using a set of
polystyrene standards in THF. Differential scanning calori-
metric (DSC) measurements and thermogravimetric analyses
(TGA) were performed on a TA Instrument DSC 2920 and on a
TA Instrument TGA 2950, respectively, using a heating rate of
10 �C min�1. Absorption spectra were collected on a UV-Vis-NIR
spectrophotometer (Cary 5000, Varian) over a wavelength range
from 300 to 2100 nm. A double beammode was used with a pure
2330 | Nanoscale, 2014, 6, 2328–2339
solvent cuvette placed in the reference channel. The yield of the
enrichment processes and the purity of the SWCNT materials
obtained were evaluated from the absorption spectra based on
the method described in the ESI.† Raman spectra were acquired
with an InVia Raman microscope (Renishaw) from drop-cast
samples, using 514 nm (2.41 eV), 633 nm (1.96 eV), and 785 nm
(1.58 eV) laser excitation sources and 50� magnication
objective lens. Spectra were recorded from 100–3000 cm�1, with
a resolution of 4 cm�1. Photoluminescence excitation maps
(PLE) were acquired using a custom-built system with a
Ti-sapphire laser as the excitation source and InGaAs photo-
diode array for detection (extended sensitivity between 900 and
2100 nm). Spectra were obtained from solutions drawn into
capillaries with a rectangular cross-section and 100 mm path
lengths. Samples for transmission electron microscopy (TEM)
studies were prepared by placing 1 drop of the enriched nano-
tube dispersions (�1 mg ml�1) on the carbon lm coated copper
grid with the excess solution removed by touching with a piece
of lter paper at the edge of the grid. TEM images were obtained
with a Philips CM20 (LaB6 lament) electron microscope,
operating at 120 kV. Scanning electron microscope (SEM)
images were obtained using Hitachi s-4700 operated at 1 kV
(charge contrast imaging mode on SiO2/Si substrate). SEM
images were taken from the channel of the TFT devices.

SWCNT enrichment by polymer extraction

A typical enrichment was conducted by dispersing 25 mg of
SWCNTs into 50 ml of toluene with 20 mg of PFDD. The mixture
was homogenized for 30 min at 30 �C using horn sonication
(Branson Sonier 250, maximum power, 200 W) with a 10 mm
tip operated at a duty cycle of 40% and output of 40%. The
dispersion was then centrifuged at a relative centrifuge force
(RCF) of 7600g (8000 rpm on an SS-34 rotor) for 30 min. The
supernatant was ltered through a Teon membrane with
0.2 mm pore size to collect the extracted SWCNTs. The collected
SWCNTs were rinsed twice with 5 ml of toluene to remove
unbound PFDD, and then re-dispersed in 5 ml of toluene using
bath sonication for 5–10 min. In order to recover more SWCNT
material, multiple extractions were employed by repeating the
above process on the residual material from the previous
centrifugation.

TFT device test

TFT devices were fabricated on a silicon wafer with a 100 nm
thick thermal oxide layer. The chip was rst cleaned using
Piranha solution (1 : 2 (v/v) of 98% H2SO4 and 35% H2O2) for
30 min at 80 �C. Aer thoroughly rinsing with distilled water
and isopropanol, the chip was blow dried with nitrogen, and
then 2 drops of the SWCNT solution (SWCNT concentration,
26 mg ml�1; weight ratio of PFDD/SWCNTs, 5.4/1) were spread
on the surface, and allowed to sit for 10 min under the solvent
vapor. The excess solution was drained by slowly tilting the chip
and the surface was rinsed with 5ml of toluene. The coated chip
was annealed at 200 �C for 1 h before the top contacts (5 nm Ti
followed by 100 nm Pd) were deposited through a shadow mask
using an e-beam evaporator. The active channel width was
This journal is © The Royal Society of Chemistry 2014
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Table 1 Characterization data for PFs. Decomposition temperature at
1% weight loss (Td

1%) and glass transition temperature (Tg) were
measured from TGA and DSC curves which are displayed in Fig. S1.

Polymer PFO PFD PFDD PFTD PFOD

Mn (kDa) 26.7 13.6 21.7 13.4 23.7
PDI 2.4 2.7 4.1 3.0 4.2
Tg (�C) 136 101 48 40 35
Td

1%(�C) 390 380 381 374 382
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100 mm and the channel length was 25 mm. I–V curves were
collected on a probe station and the mobility was calculated
from the Isd–VG transfer curve in the linear regime based on a
parallel plate model (assumes full coverage and uses the oxide
capacitance).57

Results and discussion
Polymer preparation

Alkyl groups with a length from C10 to C18 have been intro-
duced to the 9 position of the uorene monomer to obtain a
series of PFs. Scheme 1 depicts the synthetic route for polymer
preparation. The alkylation of 2,7-dibromouorene could be
done in DMSO in the presence of a strong base, NaOH or KOH.
KOH powder was preferred when making the octadecyl (C18)
derivative. The products were puried by re-crystallization in
acetone except for C10. This product is a liquid and was puried
by column chromatography using hexanes as the eluent. The
polymerization was effected by the Suzuki coupling reaction
catalyzed by (PPh3)4Pd(0) (see ESI for further details†) and the
basic characterization data are listed in Table 1.

Factors that affect the enrichment

Molecular weight. Inspired by a very encouraging result in
preliminary tests which showed that PFDD with a molecular
weight (Mn) of 21.7 kDa could disperse SWCNTs effectively and
yield a high sc-purity in the extraction, we undertook sc-SWCNT
extractions using a series of PFDDs with different molecular
weights. We observed that PFDD with a molecular weight lower
than 8000 Da had a poor capability to disperse the SWCNTs.
This result is consistent with the observation that PFDD-type
oligomers with at least 8 repeating units are required for a good
dispersion of small-diameter SWCNTs.69 With molecular
weights above 10 000 Da, there is no apparent difference in the
Scheme 1 Synthetic route for the preparation of poly(9,9-dialkylfluorene
KOH (powder), KI in DMSO at 50 �C for 3 h; (3) 2.1 eq. n-BuLi in THF at�78
for 10 h; (4) 3 eq. pinacol in toluene at reflux for 3 h. (5) 1 mol% (PPh3)4P

This journal is © The Royal Society of Chemistry 2014
capability to disperse and to selectively extract sc-SWCNTs.
However, PFDDs with molecular weights (Mn) larger than
45.0 kDa signicantly increased the viscosity of the polymer
stabilized nanotube solutions causing practical difficulties in
handling the material during processing. An optimum PFDD
molecular weight between 10 000 and 30 000 Da has been
identied. This molecular weight can be achieved by simply
adjusting the ratio of dibromide and bis(boronate) monomers
in the polymerization feed. Table 1 lists the number average
molecular weight (Mn) and polydispersity index (PDI) of the
polymers used to enrich SWCNTs in this work.

Polymer side chain length. Though 9,9-dialkyluorene
homopolymers with short alkyl chains, including octyl, hexyl,
and 2-ethylhexyl, can be used to enrich sc-SWCNTs with small
diameters such as HiPco and CoMoCat nanotubes, these
homopolymers were not able to effectively disperse large-
diameter SWCNTs.67 It was reported that the dispersing capa-
bility of PFO dramatically drops off when the diameter of
nanotubes is above �1.1 nm.67 In this study, a series of 9,9-di-n-
alkyluorene homopolymers with alkyl groups varying from C8
to C18 were tested to extract sc-SWCNT at a SWCNT concen-
tration of 0.5 mg mL�1 and a polymer/SWCNT ratio of 0.8 in
toluene. A comparative test showed that PFO extracted only
trace amounts of nanotubes in toluene. In contrast, polymers
)s. (1) 50%NaOH andC6H5CH2N(C2H5)3Cl in DMSO at 60 �C for 16 h; (2)
�C for 1 h, followed by adding 4.0 eq. B(OiPr)3, at�78 �C and then at RT
d(0), Aliquat 336 in 2M Na2CO3 and toluene at reflux for 20 h.

Nanoscale, 2014, 6, 2328–2339 | 2331
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with n-alkyl groups having 10, 12, 14, and 18 carbons were
highly effective at dispersing and extracting sc-SWCNTs to yield
a high purity of the extracted materials as judged by their
absorption spectra (Fig. S7 in ESI†). This gure shows that the
nanotubes enriched by PFD, PFDD, PFTD and PFOD have
similar absorption spectra with the yields of sc-SWCNTs (h)
being 5.3%, 6.8%, 5.4% and 6.4%, respectively, and the
absorption peak ratios (fi) being 0.416, 0.403, 0.410 and 0.404,
respectively. However, the UV signal of the solution resulting
form the PFO extraction is very weak due to the very low
concentration and thus the spectrum is not shown in Fig. S7.†
Here the yield is dened as the mass percentage of the enriched
sc-SWCNTs relative to the total mass of SWCNTs present in the
starting material, and was calculated from the absorption
spectra as described in the ESI.† The absorption peak ratio (fi)
is dened as the ratio of the integrated area of the M11 and S22
peak envelop over the total area in this region. Details about fi,
which correlates with the sc-SWCNT content in the sample, are
described in the ESI (Fig. S6†). A high fi value reects a high sc-
purity, with the highest value being 0.416 (see Fig. S7 in the SI†).
These results indicate the high effectiveness of enrichment with
the fi values increasing from 0.082 for the raw sample to above
0.40 for the enriched materials, where the metallic (M11) peaks
are no longer visible in the absorption spectra. We conclude
that uorene homopolymers with alkyl side chains longer than
10 carbons are effective at dispersing large-diameter SWCNTs
and provide a high selectivity for the enrichment of sc-nano-
tubes. Though these four polymers gave very similar yields and
sc-purity for the enrichment, polymers with longer side chains
have a higher potential to solubilize the nanotubes, thus
providing SWCNT dispersion with greater colloidal stability and
fewer bundles. However, nanotube dispersions with longer alkyl
side-chain polymers possess higher viscosities, making the
ltration step problematic. All of these effects led us to select
the PF with C12 side chains (PFDD) for detailed enrichment
studies.

PFDD/SWCNT ratio. A series of PFDD/SWCNT ratios from
0.25 to 8.0 were evaluated for nanotube enrichment. Fig. 1
Fig. 1 Absorption spectra (A) and Raman spectra (B) in the RBM regi
concentration of 0.4mgmL�1 and polymer/SWCNTs ratios of 0.25, 0.5, 1.
at 162 cm�1 (normalized to the sc-band at 209 cm�1) was also plotted a

2332 | Nanoscale, 2014, 6, 2328–2339
shows that a ratio of 0.5 gives the deepest valley of the
absorption curve around 640 nm, indicating the highest
sc-purity. The fi value of this enriched sample reached 0.403.
This value is slightly higher than that recently reported by
Blackburn for a sample of SWCNTs that was believed to have
>99% sc-content,67 (see Fig. S5 in ESI for details†). Hence we
believe this sample with fi value over 0.40 also has a sc-purity
higher than 99%. As the PFDD/SWCNT ratio increases, the
purity progressively decreases with metallic peaks eventually
appearing at 646 and 696 nm and the absorption background in
the valley at 640 nm becoming gradually stronger. It is inter-
esting that the extraction at the lowest ratio (0.25) did not give
the highest purity. Its fi value is only 0.363, lower than the value
(0.403) at the ratio of 0.5. This phenomenon may be related to
the extremely low yield for this extraction (0.7%). At this poly-
mer/SWCNT ratio, only very small amounts of solid were
extracted from the dispersion which may include non-tube
impurities such as fullerene derivatives and small carbon
particle that were present in the raw SWCNT sample. They have
high solubilities in toluene and are easily dispersed into the
solution during the polymer extraction.

The sc-purity of this series of samples was also investigated
by Raman scattering, see Fig. 1B. The RBM (radical breath
mode) of the spectra excited at 785 nm shows that the 0.5
sample has a nearly at baseline in the metallic region from
135 to 175 cm�1, conrming a high sc-purity. As the PFDD/
SWCNT ratio was increased from 0.5 to 8.0, a broad metallic
band centered at 162 cm�1 gradually appeared, with an inten-
sity almost linearly correlated with fi, see the inset of Fig. 1B.
This shows that fi is indeed a useful metric for a quick evalu-
ation of the relative purity of sc-SWCNT samples.

The results tabulated in Fig. 1A show that the extraction yield
increased signicantly at higher polymer/SWCNT ratios. At a
ratio of 0.25, almost no nanotubes were extracted. As the ratio
was increased from 0.25 to 0.5, the yield increased from 0.7% to
4.5%, and as the ratio was further increased to 8.0, the yield
reached 20.4%. It would appear that increasing the amount of
polymer in the extraction increases yield but with some sacrice
on excited at 785 nm for the samples extracted by PFDD at a tube
0, 2.0, 4.0, and 8.0, in toluene. The relative intensity of themetallic band
gainst the fi value of the sample as the inset in (B).

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Absorption spectra, yield (h) and fi ratio of the enriched
sc-SWCNTs for each extraction from the multi-extraction process.
The spectra were normalized to the peak at 936 nm. The SWCNT
concentration was 1.0mgmL�1 and the polymer/SWCNT ratio was 0.8
for the first three extractions (marked by *) and 0.33 mg mL�1 and 0.4,
for the succeeding five extractions. Spectra of the dispersion before
the 1st centrifugation (raw), and the residual of the 8th extraction (res)
dispersed in 0.5 mg mL�1 PFDD solution have also been plotted for
comparison.
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of sc-purity. Ratios between 0.5 and 1.0 give high purities and
reasonable yields of 5–10% aer only a single extraction.

Multiple extractions. Though the extraction at a low poly-
mer/SWCNT ratio of 0.5–1.0 provided a high sc-purity, the yield
was relatively low (5–10%). Since the raw sample contains�53%
SWCNTs and approximately 70% of these are semiconducting,
it is obvious that a single extraction only recovers a small
portion of the sc-nanotubes present in the source material.
Therefore, a multiple extraction process was explored.
Compared in Fig. 2 are the absorption spectra that result from 8
successive extractions. The spectra of the dispersion of the raw
material (raw), and the residual of the 8th extraction (res) are
also displayed for comparison. The calculated yield and fi ratio
for each extraction are tabulated in the gure. Note that the rst
three extractions were done at a SWCNT concentration of
1.0 mg mL�1 and a polymer/SWCNT ratio of 0.8, and the suc-
ceeding ve extractions were conducted using a SWCNT
concentration of 0.33 mg mL�1 and a polymer/SWCNT ratio of
0.4. This adjustment was found to be necessary to maximize
yield by compensating for the reduced sc-SWCNT content in the
extraction residual, which was used as the starting material for
subsequent extractions.

Fig. 2 shows that the products from the rst three extractions
had a high sc-purity with M11 peaks completely eliminated with
fi ratios of 0.378–0.399. However, as the number of extractions
increased two metallic peaks at 646 and 696 nm gradually
appeared and the fi ratio was reduced from 0.399 for the rst
extraction to 0.284 for the last extraction, indicating a gradual
decrease of the sc-purity. Based on the method used by Nano-
Integris as described in the SI, the rst 3 extractions provided a
sc-purity estimate >99%, while as the last 5 extractions provide a
This journal is © The Royal Society of Chemistry 2014
purity estimate of 98–99%. It should be noted that the quoted
sc-purities are not absolute purities. The yield from the rst
three extractions were relatively low, adding up to only 8.5%,
but the yield from the fourth extraction was much higher,
jumping to 7.4%, due to the use of a larger quantity of solvent
(3 fold). The yield for the last three extractions dropped signif-
icantly, indicating that only a very small amount of sc-nano-
tubes are still accessible in the residual solid. The combined
yield from all 8 extractions was 25%, much smaller than the
estimated sc-SWCNT ratio in the raw material (70%). This can
be partly attributed to the affinity of the polymer extraction for
the near armchair nanotubes. The photoluminescence excita-
tion (PLE) mapping study shown below indicates that near-
armchair species (10,9) dominate the enriched material.
Another reasonmight be the presence of SWCNT bundles in the
raw material. SWCNTs in very tight bundles would be almost
inaccessible to polymer extraction. It should be noted that
aggressive horn sonication was only used for the dispersion of
the raw material for the rst extraction, while mild bath soni-
cation was used in subsequent extractions to help preserve the
average length of the SWCNTs above 1 micron (vide infra). The
low sonication power used might not be strong enough to
dissociate the tightest bundles. This assumption was veried by
comparing the absorption spectrum of the residual aer the last
extraction (res) with that of the raw material (raw) in Fig. 2. This
comparison shows that while the residual has a signicantly
reduced intensity of S11 and S22 peaks compared to the M11
peak (indicating a large fraction of the accessible sc-tubes were
separated by the multiple extractions), signicant amounts of
sc-SWCNTs still remain in the residual.

Enrichment mechanism. The enrichment simply entails
dispersing SWCNTs in a PFDD/toluene solution using horn
sonication, followed by a centrifugation of the dispersed
mixture. During this process, SWCNTs are exfoliated from
bundles and aggregates, and become wrapped by the polymer to
form stabilized dispersions in toluene. The less stable dispersed
tubes will re-form bundles or aggregates. The non-dispersed
materials and the re-formed aggregates are removed by centri-
fugation. Therefore, the enrichment relies on the tightness of
bundles and the SWCNT capability to re-aggregate in the
dispersion.

In order to evaluate both factors, tightness of the bundles
and capability to re-aggregate, the enrichment process can be
divided into two steps: the rst is a coarse enrichment in which
dispersible materials can be separated from non-dispersible
material and the second step is a ne enrichment involving the
removal of reformed aggregates of the less stable nanotubes
from the stably dispersed sc-SWCNTs. Hence a two-step time
lapsed study was designed. First, the raw PFDD/SWCNTmixture
at 0.8 mg mL�1 SWCNT concentration and 1.0/1.0 PFDD/
SWCNT ratio was horn sonicated for 30 min at 30 �C and was
immediately centrifuged at 12 500 rpm (RCF 18 700g) for 5 min
to remove non-dispersed solid. Then the supernatant of this
centrifugation was divided into several samples, which were
allowed to stand for different lengths of time prior to another
5 min centrifugation to remove re-aggregated material that had
formed while standing. This experiment allows us to assess
Nanoscale, 2014, 6, 2328–2339 | 2333
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Fig. 3 (a) UV spectra of the supernatant from the 1st centrifugation (pre) and the 2nd centrifugation after the supernatant of the 1st centrifugation
were allowed to stand for 0, 12, 42, 78, 155 min. The UV spectra of the supernatant (24 h) and precipitate (ppt) of the 2nd centrifugation (for 1 h)
after 24 h standing is also plotted for comparison. The yield (h) and fi values for each sample are also listed. (b) The variation of fi values with
standing time. The SWCNT concentration of the raw dispersion is 0.2, 0.4, 0.8 mg mL�1, and their PFDD/SWCNT ratio is 1.0/1.0.
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whether the sc-tubes in the initial dispersion were selectively
exfoliated from the raw SWCNTs during sonication and whether
the m-tubes in the dispersion re-aggregate more rapidly than sc-
tubes upon standing, thus leading to high purity sc-SWCNTs.

The supernatants of the 1st centrifugation and the 2nd
centrifugation of the each sample with different standing time
were examined by UV spectroscopy with the absorption spectra
displayed in Fig. 3a. It shows the supernatant from the 1st
centrifugation (pre) possesses a much higher sc-purity than the
raw material (see Fig. 2) with the fi value increased from 0.083
to 0.306, corresponding to the sc-/m- ratio increased from 70/30
to about 95/5. Note this sample is centrifuged for 5 min right
aer sonication, and thus re-aggregation of dispersed tubes
during this short centrifugation time is negligible at this
concentration. This suggests that the sc-enrichment observed at
this stage results from preferential exfoliation of sc-tubes. This
result might suggest m-tubes provided a stronger inter-tube
interaction in bundles.

Fig. 3a also compares the UV spectra of the supernatants
from the 2nd centrifugations. A sample that had been le to
stand for 24 h and then centrifuged for 1 h represents the
maximum aggregated sample (24 h). The precipitate from this
sample was re-dispersed and its UV spectrum is also included
(ppt). The inset in Fig. 3a shows that the sc-purity of the
supernatant increases with standing time, with the fi value
improving from 0.321 at 0 min to 0.370 at 155 min. The latter
value compares well with the 24 h sample for which the fi value
was 0.386. This shows that the m-tubes also preferentially
aggregated in the supernatant, which necessarily leads to
further sc-enrichment. As the standing time was increased, the
enriched sc-tubes were obtained in slightly lower yields (approx
5%) but with consistently higher purity (see inset in Fig. 3a).
These results indicate that the standing time is an important
factor to inuence both the yield and sc-purity of the enriched
sc-SWCNTs. Furthermore, the residual (ppt) of the 24 h sample
exhibits a very low sc-purity, with a fi value of 0.136, which is
much lower than that of supernatant (0.386), and only slightly
higher than the raw material (0.083). This once again conrms
that the selective removal of m-tubes by the 2nd centrifugation
2334 | Nanoscale, 2014, 6, 2328–2339
is due to the faster aggregation of the m-tubes. Indeed, with the
appropriate time delay, 5 min centrifugation at 12 500 rpm
(RCF 18 700g) is sufficient to remove most of the metallic
SWCNTs.

The same experiments for two other SWCNT concentrations
(0.4 and 0.2 mg mL�1) were also conducted. The variation of fi

as a function of standing time is compared in Fig. 3b for all
three SWCNT concentrations (0.8, 0.4 and 0.2 mg mL�1 with
PFDD/SWCNT ratio ¼ 1.0/1.0). This plot shows that fi levels off
aer 40 min at 0.4 mg ml�1 but aer only 10 min at 0.2 mg
mL�1. Thus, aggregation occurs more rapidly at lower SWCNT
concentrations. Therefore, the centrifugation protocol can be
adjusted to account for the re-bundling that occurs during
centrifugation. As can be seen in Fig. 3b, the fi value plateaus at
10, 40 and 80 min for 0.2, 0.4 and 0.8 mg mL�1 SWCNT
concentrations, respectively. From a processing stand point a
dispersion can either stand for a longer time followed by a short
time centrifugation, or be centrifuged immediately aer
dispersion for a longer time (e.g. 30 min) to obtain material of
similar sc-purity. It is also clear from Fig. 3b that decreasing
concentrations lead to higher sc-purities, as evidenced by
higher fi values.
Detailed characterization of the enriched sc-SWCNTs and TFT
device evaluation

The optimized enrichment procedure. From the above
discussion, we know that extraction conditions with a SWCNT
concentration of 0.4 to 1.0 mg mL�1 and a polymer/SCWNT
ratio of 0.5 and 1.0 will give a high purity and a reasonable yield.
Therefore, an optimized enrichment protocol was selected
within this operating window, where the raw SWCNT material
was mixed with PFDD in toluene at a PFDD/SWCNT weight ratio
of 0.8 and a SWCNT concentration of 0.5 mg mL�1. The mixture
was homogenized by horn sonication for 30 min at 30 �C to
promote polymer wrapping. The homogenized dispersion was
centrifuged at a RCF of 7600g for 30 min, the supernatant was
ltered to collect a dark-yellow solid, which was rinsed with
toluene to remove unbound polymer. This enriched sample was
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Absorption (a) and Raman (excited at 785 nm) (b) spectra of the raw SWCNT dispersion and the enriched sc-SWCNTs re-dispersed in
toluene. The absorption spectra of the filtrate from this process is included for comparison. The solutions of the raw dispersion and the filtrate
were diluted 20x for this measurement.

Fig. 5 The photoluminescence excitation map of the sc-SWCNTs
enriched by PFDD in toluene. Amaximumof 8 or 9 chiralities appear to
dominate the spectrum with the (10,9) species being most abundant
(emission at 1570 nm, excitation at 910 nm).

Paper Nanoscale

Pu
bl

is
he

d 
on

 1
4 

Ja
nu

ar
y 

20
14

. D
ow

nl
oa

de
d 

by
 M

PI
 F

es
tk

oe
rp

er
fo

rs
ch

un
g 

on
 1

4/
03

/2
01

7 
13

:0
1:

20
. 

View Article Online
re-dispersed in toluene by bath sonication for 5–10 min, and its
absorption spectrum was measured, see Fig. 4a (Enriched). For
comparison, the absorption spectra of the ltrate and the
homogenized raw dispersion before the centrifugation (Raw)
were alsomeasured, where these two solutions were diluted by a
factor of 20 (Fig. 4). No SWCNT signal can be seen in the
spectrum of the ltrate, indicating that the ltration through a
0.2 mm Teon membrane collected all dispersed nanotubes.
This result is consistent with the length of the SWCNTs having
been largely preserved. Note that the intensity of the PFDD
absorption band at 380 nm of the ltrate is only about 63% of
that of the raw SWCNT dispersion, which means that a large
amount of PFDD is wrapped on the SWCNTs in the dispersion.
Well-resolved S11, S22 and S33 peaks can be seen for the enriched
sample. It can also be seen that the M11 peaks at 640 and
690 nm in the raw sample have been completely removed in the
enriched sample and that the valleys at approximately 640 nm
and 1200 nm have become much deeper aer the separation
with the fi ratio increasing from 0.082 for the raw material to
0.406 for the enriched sample, thus demonstrating that a high
sc-purity can be realized in a single extraction.

These enriched and raw samples were also characterized by
Raman scattering with the spectra compared in Fig. 4b. The
spectra were collected from thin lm samples using 785 nm
excitation wavelength. They were prepared by casting the
dispersions onto glass slides. Fig. 4b shows that the metallic
peaks in the RBM region are completely eliminated aer the
enrichment, consistent with the UV-vis-NIR absorption
spectrum.

PLE mapping. A photoluminescence excitation (PLE) map
for the PFDD enriched sc-SWCNT sample is presented in Fig. 5.
Well resolved (S22, S11) maxima can be seen, indicative of
properly individualized (i.e., separated) nanotubes. Up to 19
(n, m) species contribute to the spectrum, with 8 or 9 having
peak intensities higher than or close to 0.5 (see Fig. S8 in ESI for
assignments†). Among these, one peak is stronger and can be
assigned to the near-armchair (10,9) SWCNTs with S11 ¼
1570 nm and S22¼ 910 nm. Based on relative intensity alone, we
This journal is © The Royal Society of Chemistry 2014
conclude that twice as much (10,9) nanotubes were present as
other chiralities. This selectivity of polyuorenes towards near-
armchair chiralities is consistent with an earlier report by
Nicholas.22 Furthermore, the eight other major chiralities have a
diameter from 1.25–1.35 nm, and all 19 chiralities identied in
Fig. 5 showed the diameter in a range of 1.20 and 1.40 nm, (blue
and cyan area in Fig. S8,† respectively), indicating a narrow
diameter distribution of this enriched sample. Happily, the
integration curves of the PL emission slices of the PLE mapping
showed a one to one correspondence with the S11 absorption
peaks (as shown in Fig. S9 in ESI†), indicating the absorption
and emission signals are dominated by individualized
nanotubes.

SWCNT lm morphology and thin lm transistor device
performance. Besides high sc-purity, the enriched sc-SWCNTs
must also possess adequate length and crystallinity so as to
Nanoscale, 2014, 6, 2328–2339 | 2335
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form uniformly dense networks in the transistor channel and
thus provide optimum device performance. One attribute of the
laser derived material is the considerable length of the pristine
SWCNTs.17 Tube length is particularly important when scaling
devices with printing resolution limits in mind, which require
minimum inter-tube contact resistance while printing relatively
large channel devices using current printing technology. In the
enrichment process, the nanotubes will oen be broken by the
high power sonication used to disperse and de-bundle nano-
tubes. The length of the enriched nanotubes was therefore
evaluated by TEM and SEM with the images displayed in
Fig. S10 (see ESI†). The TEM image shows straight individual
nanotubes with few bundles. A number average length of 1.3 mm
(length average, 1.8 mm) was estimated based on a sampling of
�200 nanotubes in the SEM image. This result was also
conrmed by AFM analysis, where an average tube length of
1.4 mm was determined.

In order to nd proper coating conditions to generate a
nanotube network with suitable density for device fabrication,
different concentrations and coating methods were evaluated,
and the morphology of the deposited network was veried by
SEM. It was found that uniform and high density nanotube
networks could be formed using a simple drop-casting method
(Fig. 6B). This was accomplished by spreading two drops of the
Fig. 6 Device configuration (A), SEM image (B), transfer curve (C) and outp
a width of 100 mm (top contact source/drain electrodes with 5 nm Ti/100
The device was made by drop-casting a PFDD enriched sc-SWCNT solu

2336 | Nanoscale, 2014, 6, 2328–2339
SWCNT solution (26 mg ml�1) on freshly cleaned SiO2/Si
surfaces under toluene vapor for 10 min, aer which the excess
solution was drained and the surface was rinsed with 5 ml of
toluene. Importantly, this nanotube network was directly coated
on a bare SiO2/Si substrate without any surface coating. Previ-
ously, it has been common to use an intermediate adhesion
layer (such as poly-L-lysine) to assist in the creation of a nano-
tube network.27,32 The dense SWCNT network we have obtained
in such a simple manner is comparable to the high density
nanotube networks prepared by more laborious methods such
as chemical self-assembly.70 Furthermore, our enriched
sc-SWCNTs have allowed the use of a simple drop-cast process
for device fabrication that is compatible with many existing
printing techniques.

The top contact, bottom gate TFT device with 25 mm channel
length and 100 mm channel width is schematically shown in
Fig. 6A. It was prepared by depositing the source/drain elec-
trodes on the sc-SWCNT network via evaporation through a
shadow mask. Typical transfer and output curves are also
shown in Fig. 6, from which a mobility of 32 cm2 V�1 s�1 with
on/off ratio of 1.7 � 106 was calculated. From the output curve
in Fig. 6D, the sheet resistance of the device is 170 kU square�1

when the gate voltage is �5 V. All twenty-ve devices prepared
on a chip were evaluated and provided good transistor
ut curves (D) of a typical TFT devicewith a channel length of 25 mmand
nm Pd). The transfer curve was taken at a source-drain voltage of 1.0 V.
tion (0.026 mg mL�1) on a freshly cleaned SiO2/Si substrate.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 The performance of all 25 TFT devices prepared on a SiO2/Si
chip with PFDD enriched sc-SWCNTs. The data was collected as
described in Fig. 6. Recently reported performance data for conju-
gated polymer enriched sc-SWCNTs with small and large diameter
SWCNTs are also plotted for comparison.
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performance with an average mobility of 26 � 14 cm2 V�1 s�1

and on/off ratio in a range of 104 to 107 (see Fig. 7). The mobility
of the 25 devices varied from 5 to 43 cm2 V�1 s�1. SEM images in
Fig. S11† of ESI showed a highly uniform nanotube network
formed in all of the 25 devices on the chip with a nanotube
density of �64 tubes per mm2. This result indicates that the
mobility variation of the devices is not only attributed to the
network density, but also another type of spatial non-uniformity
such as a surface contaminant either directly on the substrate,
at nanotube–nanotube junctions or at the nanotube-source/
drain interface. In general, this data-set demonstrates improved
performance when compared to the best results reported
thus far for conjugated polymer enriched sc-SWCNTs
(Fig. 7).29,41,55,57,58,71 In particular, a device with a denser SWCNT
network prepared using the same procedure but without solvent
rinsing provided a TFT mobility of 58 cm2 V�1 s�1 and on/off
ratio of 1 � 104, conrming the high purity of our enriched
sc-SWCNTs.72 The devices were prepared using a simple drop-
casting method on clean Si/SiO2 substrates without any need for
an adhesive surface treatment. It should also be noted that the
PFDD, with �80% weight ratio in the dispersion, has no
apparent detrimental effect on device performance, as evi-
denced by the excellent performance of a device formed by the
drop-cast sc-SWCNT network which was not rinsed.
Conclusions

In summary, we have demonstrated the exceptional selectivity of
PFs with alkyl side-chains containing $10 carbons in the
dispersion and extraction of large-diameter, laser-derived
sc-SWCNTs. Polymers with molecular weights over 10 000 Da
were required to effectively disperse the nanotubes and to obtain
enrichment. The yield and sc-purity of the enriched fraction are
This journal is © The Royal Society of Chemistry 2014
affected by the nanotube concentration and polymer/SWCNT
ratio. A sc-purity higher than 99% (as assessed by UV-vis-NIR
spectroscopy) with a yield of 5–10% was easily obtained from a
single extraction at a SWCNT concentration of 0.4–1.0 mg mL�1

and a polymer/SWCNT ratio of 0.5–1.0. Increasing this ratio to
8.0 increases the yield to �20%, but with a somewhat reduced
sc-purity. A multiple extraction process was developed to push
the yield up to 25% while maintaining a high sc-purity. TFT
devices using enriched sc-SWCNTs as the channel material
provided an average current on/off ratio of 1.8 � 106 and an
averagemobility of 27 cm2 V�1 s�1 for all 25 devices with a 25 mm
channel length prepared on a single chip.
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