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ABSTRACT: Scalable and simple methods for selective extraction
of pure, semiconducting (s) single-walled carbon nanotubes
(SWNTs) is of profound importance for electronic and photo-
voltaic applications. We report a new, one-step procedure to obtain
respective large-diameter s- and metallic (m)-SWNT enrichment
purity in excess of 99% and 78%, respectively, via interaction
between the aromatic dispersing agent and SWNTs. The approach
utilizes N-dodecyl isoalloxazine (FC12) as a surfactant in
conjunction with sonication and benchtop centrifugation methods.
After centrifugation, the supernatant is enriched in s-SWNTs with

less carbonaceous impurities, whereas precipitate is enhanced in m-
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SWNTs. In addition, the use of an increased centrifugal force

enhances both the purity and population of larger diameter s-SWNTs. Photoinduced energy transfer from FC12 to SWNTs is
facilitated by respective electronic level alignment. Owing to its peculiar photoreduction capability, FC12 can be employed to
precipitate SWNTs upon UV irradiation and observe absorption of higher optical transitions of SWNTs. A thin-film transistor
prepared from a dispersion of enriched s-SWNT's was fabricated to verify electrical performance of the sorted sample and was
observed to display p-type conductance with an average on/off ratio over 10° and an average mobility over 10 cm?/V:s.
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B INTRODUCTION

Semiconducting (s) single-walled carbon nanotubes (SWNTs),
cylindrical rolls of graphene sheets defined by a chiral (n, m)
vector, have excellent electrical, mechanical, and optical
properties,1 which make them appropriate for various
applications, including high-performance thin-film transistors
(TFTs),Z_5 photovoltaics,é’7 chemosensors,® and electronic
skins.”'" They are processable from solution and are of great
interest for flexible electronics.''™"* However, most SWNT
synthetic procedures result in a mixture of s and metallic (m)
nanotubes,'”> and m-SWNTs must be completely discarded to
prevent shorted failure of electronic devices and to provide
homogeneous electronic performance.

For the past two decades, many methods have been explored
to enrich pure s-SWNTs. Sorting methods employed for this
purpose take advantage of the electronic structures of SWNTs:
m-SWNTs have a finite density of states (DOS) of electrons at
the Fermi level, while s-species have a bandgap whose band gaps
are inversely proportional to SWNT diameter (d) or chiral vector
sizes." Exploiting intrinsic band structure difference, electrical
breakdown'® and the recently developed thermocapillary
enabled etching methods'”'® attain highly effective removal of
m-SWNTs. However, such methods are not easily scalable.
Popular large-quantity sortin§ techniques, e.g., liquid column
chromatography (LCC),""”* density gradient ultracentrifuga-
tion (DGU),”" > polymer-assisted aqueous two-phase partition
(ATP),*** and selective dispersion using conjugated poly-

mers>¢%° typically exploit subtle differences in adsorbed
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configuration of the dispersing agents on SWNT species which
result from different SWNT polarizability. Sorting of smaller d
tubes such as HiPco (d: 0.65—1.35 nm) and CoMoCAT tubes (d
< 1.0 nm) is much more favorable due to more distinct bandgaps.
Using these SWNTSs, researchers demonstrate single s-SWNT
purity over 94%.°%°**' For larger d SWNTs, the sorting
efficiency is limited by the subtle difference in SWNT bandgap
structure.”*>”* In order to attain higher purity, multiple
iteration or additional SWNT bundle removal steps (DGU*")
are required. A novel class of sorting mechanism that directly
exploits the band structure difference between s- and m-SWNTs
may likely achieve much higher sorting efficiency.

However, no work has been reported that can realize high-
purity s-SWNT sorting by utilizing discrete highest-occupied
molecular orbital (HOMO) and lowest-unoccupied molecular
orbital (LUMO) of dispersing agents in conjunction with band
structure of m- vs s-SWNTs. The closest analogue for this
method is ATP-based separation which utilizes different
oxidation depth of SWNTs according to electronic types and
partitions them in different media.’* In this asgpect, N-dodecyl
isoalloxazine (FC12, inset of Figure 1)*°° is capable of
dispersing SWNT's in nonpolar aromatic solvents by a process
involving helical wrapping. The SWNTs generated in this way
have sharp absorption features and nearly no background
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Figure 1. Outline of facile s- and m-SWNT enrichment process. Inset:
chemical structure of FC12.

absorption characteristics originating from carbonaceous
impurity. Recently, FC12 was utilized to separate s-SWNTs in
smaller d, confirmed by Raman spectroscopy with single laser
excitation.”” However, FC12 absorption screening m-SWNT
absorptions hampers accurate estimation of purity. Highly pure
s-SWNT separation will be a facile venue to deploy s-SWNT's for
various high-end optoelectronic applications.

In the investigation described below, we developed a method
for facile enrichment of s- and m-SWNT's having energy transfer
from FC12 to SWNTs. In this system, in which FCI12 is
employed as a dispersing agent, enrichment is performed simply
by collecting a supernatant and precipitate after facile benchtop
centrifugation. Owing to the high individualization and
dispersion, a one-step FC12-SWNT dispersion in p-xylene can
be separated selectively to give highly pure s-SWNT with over
99.5% purity in the supernatant and 78% pure m-enriched
SWNT in the precipitate, based on absorption measurements.
Moreover, the use of elevated mild centrifugal force can achieve
higher purity of the larger d s-SWNT. Photoluminescence (PL)
along with absorption spectrum suggest that energy transfer from
FC12 to SWNTs is facilitated, leading to SWNT PL increase. In
addition, the photoreduction properties of FC12 can be used
advantageously to precipitate SWNTs. The result of this
property enables generation of a SWNT that can be probed
using the entire UV—vis absorption range. Finally, s-enriched
SWNT, prepared in the manner described above, was utilized to
verify electronic performance by preparing a p-type random
network SWNT TFT"" and shows current on/off ratio above 10°
and mobility exceeding 15 cm?/V-s.

B RESULTS AND DISCUSSION

FC12 was synthesized by using a previously reported method.*
Owing to the 550 nm absorption tail of FC12, plasma torch-
grown SWNT (PSWNT, d distribution: 1.3 + 0.4 nm) was
initially used in this experiment. FC12-PSWNT dispersions in p-
xylene were generated by using FC12 as a surfactant via a probe
sonication. For comparison purposes, sodium dodecyl sulfate
(SDS)-PSWNT dispersions®” "' were prepared in water (see
Experimental Section for detailed procedures).

A schematic of the procedure used to enrich s- and m-SWNT
from a SWNT mixture is given in Figure 1. In contrast to the
centrifugation speed used for separation of SDS-SWNT samples
in water (80 000g), a much slower benchtop centrifugation speed
(5000g) leads to profound enrichment of s- and m-SWNTs
prepared using FC12 (see below). After benchtop centrifugation,
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high purity s-SWNTs are present in the supernatant, whereas
redispersion of the remaining precipitate in p-xylene containing
additional FC12 produces a m-enriched SWNT dispersion,
suggesting s-PSWNT selectivity.

In Figure 2a are shown absorption spectra of the supernatant
and precipitate of centrifuged FC12-PSWNT dispersions along
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Figure 2. Enrichment of s- and m-PSWNTs dispersed by FC12. (a)
Absorption spectra of supernatant (black) and precipitate (red) of
FC12-PSWNT, along with that of supernatant (blue) of SDS-PSWNT.
Residual FC12 absorption tail (dotted line) having same concentration
of the dispersion is magnified on top of the initial spectrum (magenta). It
is noteworthy that the spectra are nonoffset. An asterisk indicates the
absorption attributed to p-xylene. (b) Raman RBM and G band spectra
of PSWNT on 285 nm thick SiO,/Si substrate, excited by using a 785
nm laser. The spectra are shifted vertically for visual clarity. A double
arrow indicates resonating windows of M, and S,, peaks for a given
PSWNT d range. Dotted line designates median d.

with that produced from aqueous SDS-SWNT dispersion. In the
absorption range of 550—2100 nm, SWNTs display absorption
caused by one m- (570—800 nm) and two s-optical transitions
(800—1200 nm, 1200—1900 nm), which are indicated by M;; and
S;; (ii denotes optical transitions), respectively. Absorption bands
in the spectra are associated with the individual nanotube species
(n, m) present in each. In contrast to the broadly featured
absorption spectrum (blue trace) of SDS-PSWNT, the spectrum
of the FC12-PSWNT supernatant (black) contains sharper and
intense S;; and S,, peaks and nearly no M,; peaks. In addition,
despite the high impurity content of PSWNT (30 to 70%),
background absorption of the supernatant is small. This result
suggests that the use of FC12 leads to selective formation of s-
SWNTs over background absorption contributors such as 7-
plasmon and carbonaceous impurities. This demonstrates that
highly pure s-enriched SWNTs are present in the FC12-PSWNT
supernatant. As a result, the peaks observed in absorbance can
easily be assigned to (n, m) nanotubes seen in photo-
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luminescence excitation (PLE) maps (see Figure Sla of
Supporting Information (SI)). Eight major PL peaks are
observed from FC12-PSWNTs, and their positions are listed in
Table S1 of SI. PLs of PSWNT's having d values ranging from 1.1
to 1.28 nm were observed, rather than up to 1.7 nm due to both
overtone (1600 to 1830 nm) of C—H stretch bands of p-xylene
methyl moieties and detection limit (<1650 nm) of InGaAs array
detector used in the PLE setup. The PLE map includes PSWNT's
that have various chiral angles and does not show substantial
chirality-specific selectivity which is observed in the near-
armchair s-SWNT enrichment obtained using a polyfluorene-
SWNT toluene dispersion.”® In this sense, the less specificity of
FC12 in generating certain s-SWNT chiralities serves
advantageously for bulk sorting of s-/m-SWNT. The FCI2-
assisted PSWNT dispersion is stable under a dark condition at
least for a year without visible aggregation or significant
reduction or broadening in UV—vis—NIR absorption spectra
(Figure S2a—c).

The spectrum of the precipitate contains M,; and S,, bands
with nearly equal intensities. Especially, the band for M, in the
precipitate is significantly larger than that of SDS-PSWNT.
Although the spectra appear to show similar abundances of m-
and s-contents in the precipitate, actually there is a greater
amount of m-enriched SWNTSs because higher-order optical
transitions of SWNTSs have progressively smaller absorption
cross sections.*”

Raman spectroscopy is used to confirm the purities of s- and
m-SWNT. Specifically, the radial breathing mode (RBM) of
SWNTs was used to determine SWNT d.*>** In Figure 2b are
shown RBM spectra (785 nm excitation) of PSWNTs derived
from the procedure (see Experimental Section for details). In
accordance with previous studies,” analysis of the experimental
Kataura plot™ (see SI for detailed RBM analysis) showed that
resonating regions of m- and s-PSWNT exist with 785 nm. On
the contrary to results obtained in studies of supernatants (black)
where the S,, peak areas are greater than those of the My,
counterparts, the spectra of the precipitates show the opposite
trend. A comparison of RBM peak areas in the spectra of m- and
s-SWNTSs enables an estimate of s- and m-PSWNT purities to be
95 and 78%, respectively. This Raman result is in good agreement
with the absorption-based enrichment. It is noteworthy that the
785 nm laser probes both smaller d s- and larger d m-PSWNTs,
and this assessment may reflect only a small fraction of PSWNTs,
in resonance with a given laser. The corresponding high
frequency regions show G*, G7, and D bands at ca. 1590,
1566, and 1300 cm™, respectively. m-Enriched precipitates
exhibit slightly broadened G™ band spectra as compared to that
of s-enriched supernatant, suggesting the inclusion of Breit—
Wigner—Fano (BWF) resonance of m-SWNT.* In addition,
comparison of D and G bands from each sample suggests that D
over G band ratio (Ip/I) of precipitate (0.06) is six times higher
than that (0.01) of the supernatant, probably due to sp*-type
defects from prolonged sonication time (2 vs 1 h) and inclusion
of carbonaceous impurity. It is noteworthy that Raman spectra of
the as-supplied PSWNT dispersed in acetone with a brief 1 min
sonication show larger Iy /I (0.03) than that from the s-enriched
PSWNT (Figure S3). This ratio suggests that the s-PSWNT
portion has lower defect density than that of the initial dispersion
by excluding carbonaceous impurity, in line with the observed s-
enriched absorption spectra with lower background absorption.

Semiconductor purities of supernatants can be enhanced by
using a greater benchtop centrifugal force. In Figure 3a are shown
absorption spectra of the supernatants obtained from using an
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Figure 3. (a) 940 nm normalized absorption spectra of FC12-PSWNT
dispersions as a function of centrifugal force. (b) The corresponding
absorption-based s-SWNT enrichment and absorbance change at 940
nm.

increasing g-force (S, 10, 20, and 30 kg). Although the overall
absolute S,, absorption decreases as the g-force increases (Figure
3b), the M;; one decreases much more rapidly. Inspection of
background-subtracted absorption spectra normalized to the 940
nm peak (see Figure S4b of SI) clearly shows that the M, peaks
decrease as the centrifugal force increases. Moreover, increased g-
force selects for larger d s-SWNTs (marked by arrows in Figure
3a). Comparison of the corresponding PLE maps of these
samples (see Figure Sla—d of the SI) demonstrates that s-
SWNTs with smaller d (i.e.,, (13,2) and (12,4)) decrease, and
larger d s-SWNTs (i.e., (13,5)) slightly increase with increasing g-
forces. The reason for larger d PSWNT selection of FC12 with
increased g force originates from larger binding energy of the
isoalloxazine moiety of FC12.*” Moreover, this is in good
agreement with our recent result that flavin is an efficient
dispersing agent to disperse graphene, an infinite version of large
d SWNTs.* This finding suggests that FC12 has the propensity
to generate slightly larger d s-SWNTs at high centrifugal force.

In order to quantify the purities of m- and s-SWNTs, the
widely used absorption based purity®******* by using S,, and
M, peak areas was utilized. Because the SDS surfactant (blue
trace of Figure 2a) leads to no selectivity in the generation of
SWNT electronic types, normalizing the background-subtracted
FC12-SWNT absorption to that of SDS-SWNT and assuming
the existence of a 2 s-/m-ratio gives an absorption-based estimate
of s- and m-SWNT purities (see SI for the detailed calculation
procedure and Table S2). Figure 3b shows the trend in s-
enrichment of the supernatant with increasing g-force. The
supernatant produced using 5000 g shows ca. 98.3% enrichment.
The use of increasing g-force with 20 and 30 kg further elevates
the absorption-based purity to over 99.6%. It is noteworthy that
inclusion of background absorption contribution would lower
the estimated purities. This result obtained by benchtop
centrifugation contrasts with those using the s-SWNT enrich-
ment method based on over 100 kg ultracentrifugationso’51 and
demonstrates effective control of s-SWNT purity.

Moreover, we determined the s-PSWNT yields from each
sample. Here, s-PSWNT yield is defined as isolated mass of s-
PSWNTs relative to the initial s-PSWNTs in the starting
material. In order to measure isolated s-PSWNT yield, the s-
PSWNT film was prepared after the photoreducing FC12 in s-
enriched supernatant to be discussed in a later section, followed
by filtration and a copious washing step with methanol to remove
excess FC12 (see Experimental Section for details). Since the
PSWNT film may contain adsorbed photoreduced FC12, the
vacuum-annealed sample was subject to thermogravimetric
analysis (TGA) (Figure SS). Comparison of TGA traces shows
that about 47 wt % of the photoreduced FC12-PSWNTs
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originates from PSWNTs. Based on the TGA-determined
isolated PSWNT contents and consideration of supernatant
amount and initial semiconductor abundance in a quoted
PSWNT purity, the isolation yield is about 13% in a single
extraction, which is nearly half the recent 22% isolation yield of s-
enriched PSWNTs.”” Using the measured absorbance relation-
ship in Figure 3b, the yields of other s-enriched samples are listed
in Table S2.

Analysis of a HiPco nanotube, which has a smaller median d
(1.0 nm) than PSWNT does, suggests that the use of FC12
lowers the selectivity and dispersion for smaller d tubes. In Figure
4a are shown absorption spectra of the supernatant and

(a)

Q

o

c

(]

e}

S

?

o] Precipitate
<C 0.2

Supernatant
0.0

500 1000 1500
Wavelength (nm)

S,, RBM

/?
Ll

=

Normalized intensity (a.u.) T

T

200 300 1400 1600
Raman shift (cm™)

Figure 4. Electronic enrichment of supernatant and precipitate from
FC12-HiPco dispersion samples. (a) Absorption spectra of FCI2-
removed HiPco in NMP and (b) RBM, D, and G band spectra of HiPco
on 285 nm thick SiO,/Si substrate, excited by 632.8 nm laser. Black, red,
and blue traces denote supernatant, precipitate of FC12-HiPco
dispersions, and supernatant of SDS-HiPco, respectively. Raman spectra
were shifted vertically for clarity. Double arrow indicates resonating M,
and S,, peaks with a given excitation. Dotted line designates median
diameter.

precipitate of FC12-HiPco dispersions, which are redispersed
in N-methyl-2-pyrrolidone (NMP) by using solvent exchange
(see Experimental Section for details), along with that from
aqueous SDS-HiPco dispersion. Solvent exchange was achieved
after photoreduction of FC12 (see below). Because FC12 is
completely photoreduced, the full absorption range up to 300 nm
can be probed. The M|, region (440—600 nm) of this dispersion
was compared with those of S,, and S,; of HiPco samples. Unlike
the clear trend observed in larger d PSWNTSs, the supernatant
shows smaller M, peaks as compared to those of S,, peaks, and
the precipitate displays the opposite trend. Moreover,
absorptivities of the supernatant and precipitate from the smaller
d HiPco sample are much lesser than those (Figure 2a) from the
larger d PSWNT sample. This suggests that FC12 has less
dispersion with smaller d SWNT, in line with a previous report.””

Since the HiPco tube has partially overlapped M;, and S,,
absorption peaks,”” purities of the supernatant and precipitate
were estimated by using Raman analysis. Left of Figure 4b
displays RBM spectra (632.8 nm excitation)* of HiPco from each
sample (see Experimental Section). The s-and m-SWNT purities
of supernatant and precipitate were found to be 76 and 61%,
respectively. Along with the trends seen in the centrifugation
studies, this result gives further evidence to the conclusion that
the use of FC12 leads to selective production of larger s-
nanotubes. The I,/ ratio from Raman spectra (right of Figure
4b) follows similar trends observed for PSWNT, showing the
smallest value for the supernatant sample as compared to that of
the precipitate.

We find that the FC12 promotes the occurrence of energy
transfer between the SWNT and isoalloxazine. Evidence
supporting this proposal was acquired by analysis and
comparisons of absorption and PL spectra of FC12 and the
PLE maps of FC12-HiPco and FC12-PSWNT with excitation in
the range of 350—900 nm (Figure Sa—c). Interestingly, strong PL
emissions at the absorption (400—500 nm) of FC12 are present
in the PLE maps of both FC12-HiPco and PSWNT, and the PL
emission positions stem from S;; of each SWNT. This
observation indicates that energy transfer from excited FC12
to s-SWNT's occurs. Thus, the photon energy absorbed by FC12
is transferred to the state corresponding to the S,, band of
SWNT, which then internally relaxes to the state responsible for
the S;; band, from which the emissions take place. A similar type
of energy transfer process has been observed in polyfluorene-
SWNT™ and organic dye-encased SWNT>* systems. In the
FC12 system, the energy transfer process seems to be facilitated
by close proximity (0.34 nm) of the SWNT and the surfactant,
which is helically wrapped around the SWNT owing to 7—7x
interactions.” Since Coulombic coupling of the equally
longitudinal transition dipoles of both the isoalloxazine
chromophore in FC12”° and the SWNTSs"® is the basis for the
energy transfer process,”” the spectral overlap could strengthen
binding, as evident by the pyrene excimer which shows larger
binding affinity as large as 0.4 eV.>® As a result, the photoinduced
energy transfer facilitates red-shifted SWNT PL by 15—51 and
23—71 meV in S;; and S,,, respectively, as compared to those of
SDS-SWNT.>>*

Figure S5d illustrates the energy diagram of isoalloxazine
moiety, HiPco, and PSWNT. HOMO and LUMO of
isoalloxazine are —6.4 and —3.5 eV, respectively, and Fermi
level of SWNTs is at ca. —4.7 eV.® Such energy level alignment
facilitates the aforementioned energy transfer from the excited
FC12 to both SWNT types. In the ground state, on the other
hand, SWNT leads to a charge transfer to FC12, which is evident
by theoretical calculation® and electrochemical measurement.®”

The photoreduction capability of FC12 was utilized
advantageously to control the dispersion and induce precip-
itation of the SWNTSs. Upon photoirradiation, flavins are known
to undergo reduction to form their reduced dihydro-states
(FlavinH,, Figure 6a). These reduced forms can be converted
back to their oxidized state counterparts by molecular oxygen.®*
Upon reduction, the isoalloxazine ring in FC12 undergoes a
profound conformational chanﬁge to generate a bent form
(bottom panel of Figure 6a).°*~°° Importantly, FC12 reduction
causes a large change in UV—vis absorption and luminescence
characteristics of FC12.>>' Using this photochemical phenom-
enon, we were able to induce SWNT precipitation and reduction
of FC12 absorption and PL. The formation of photoreduced
FC12-H, in the photoreduced mixture was demonstrated by
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Figure 6. Photoreduction of FCI2 and subsequent surfactant-
absorption-free, PSWNT absorption spectra in NMP. (a) Photo-
reduction of planar FC12 produces bent FC12-H,. A side view of the
reduced form shows that 7—z interactions are lost. (b) Absorption
spectrum of FC12-depleted SWNT while stirring. Supernatant (black)
and precipitate (red) of PSWNT. An asterisk indicates the absorption
attributed to residual p-xylene.

using liquid chromatography (LC)-mass (MS) spectroscopy
(see Figure S6a—d of the SI and Experimental Section for
details). In the mass spectrum of the photoreaction mixture, a
peak was present at m/z = 41326 ([M + HJ*), which
corresponds to reduced and protonated FCI2 species. The
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results show that photoreduction-induced changes in the
electronic properties of surfactants can serve as the basis for
designing novel methods to promote SWNT precipitation. The
evidence that reduced FC12 still exists on the SWNT sidewall is
obtained from the aforementioned TGA result in Figure SS,
supporting the right scheme of Figure 6a.

By using the new method in which FC12 absorption does not
occur, SWNTs can be easily transferred to neat NMP for optical
measurements. In Figure 6b are shown absorption spectra of the
supernatant and precipitate of 5000 g FC12-depleted PSWNTs,
recorded while the solution was mechanically stirred. The spectra
contain absorptions arising from transitions greater than S;;,
along with a slightly broadening and red-shifting of S,, peaks due
to SWNT bundling (see Figure S7 for comparison). As
compared to that of the initial 5000 g dispersion, M, regions
of the absorption spectrum of FC12-depleted PSWNT's are more
suppressed. The reason for the decrease originates from the
absence of an FC12 absorption tail (see absorption spectrum in
Figure 2a), along with possible redistribution of PSWNT
electronic types in NMP. Further comparison of those spectra
with that of an additional reference SWNT sample (magenta)
with a known composition (99% s-enrichment) confirms the
aforementioned s-enrichment purity in the absence of FC12
contribution.

Prior to electrical measurement, we characterize the length and
density of sorted s-PSWNT's from 5000 g sample by atomic force
microscopy (AFM). The SWNT sample for AFM measurement
was prepared via a similar condition for device fabrication. A
5000 g sample of the s-enriched supernatant solution was
dropcast on mica, followed by repeated washing with methanol
and subsequent air-annealing at 250 °C for 1 h, to remove
residual FC12. In Figure 7a and b are shown AFM images of the
resulting deposited PSWNTs. Large area height image of
PSWNT (Figure 7a) exhibits a dense SWNT network with less
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Figure 7. AFM height topographies of the annealed PSWNT on mica.
(a) Large area height image of sorted s-PSWNT. (b) Zoomed-in image
of PSWNT with height profile. (c) Length histogram of s-PSWNT.

carbonaceous impurities. The measured tube density is ca. 52
tubes/um?. This density is much higher than that of SWNTSs
assembled on an amine-functionalized Si substrate.”” Zoomed-in
image of PSWNT (Figure 7b) provides a height profile of an
individual tube, showing 1.0 nm. Considering d distribution of
PSWNTs (1.3 + 0.4 nm) along with two van der Waals (vdW)
distances (2 X 0.34 nm) between FC12 and PSWNTs,” such
tube height suggests that FC12 around PSWNTs is effectively
eliminated, due to the 1 h annealing process. Moreover, the
smooth tube surface suggests lack of FC12 helical wrapping on
the SWNT which was observed in a flavin-wrapped SWNT in our
previous work.*>®” Figure 7c displays the length histogram of
PSWNTSs and shows the median length of PSWNT's to be 0.66 +
0.0S pm, obtained by analyzing 104 tubes of the 5000 g sample.

Moreover, the spatial homogeneity of purity of the deposited
s-PSWNT on a substrate was probed by Raman mapping with
532 nm excitation (see SI for the detailed explanation). Figure
S8a and b displays RBM and G band spectra from nearly 2500
different points. The RBM spectra display prominent peaks at
174 and 185 cm™!, corresponding to s-PSWNT species whose d
are 1.36 and 1.27 nm, with nearly no m-PSWNT signal except the
residual tailing of s-PSWNT peaks. The corresponding G band
displays narrow G~ and G* bands at ca. 1568 and 1594 cm™". The
absence of a broad BWF G~ component substantiates
preferential enrichment of s-PSWNT mentioned in the above
discussion. Spatial maps according to RBM regions and G band
regions confirm homogeneous SWNT electronic-type distribu-
tion upon substrate deposition.

The electrical performance capability of the s-SWNT, as
obtained by using the sorted s- and m-PSWNT sample at 5000 g
described above, was demonstrated by incorporating it in a back
gate TFT device. The defined channel length (L) and width (W)
are 300 and 20 pim, respectively, as shown in the inset of Figure
8a. A 5000 g s-enriched PSWNT sample was dropcast and treated
as mentioned above. An area other than the electrode and
channel was oxygen-plasma cleaned to remove the possibility of
current leakage through nonchannel pathways. A 50 nm thick
layer of Al,O; was atomic-layer deposited over the SWNT
channel to provide high dielectric passivation (Figure 8b). In
order to confirm that SWNT still possesses random network
structure on the SiO,/Si substrate, we resorted to scanning
electron microscopy'” which allows us to image SWNTs through
the AlL,O; layer. Figure S9a,)b of the SI revealed that
individualized SWNT's are densely percolated, and their density
is about 15 tubes/um? slightly lower than that of AFM
measurement on mica. This suggests that substrate affects
SWNT density significantly.
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Figure 8. Device performance of s-enriched PSWNT obtained from a
5000 g sample. () Picture of TFT array. Inset: optical microscope image
of an individual TFT device. Scale bar: 250 um. (b) Schematics of back
gate TFT device. (c) Ip—Vq transfer characteristics measured at
different Vp. (d) Ip—Vy, output characteristic at different V. (e) I,,/Lg
ratio histogram from s-/m-enriched PSWNT devices. (f) Mobility
histogram from s-PSWNT devices.

In Figure 8c are displayed the drain current—gate voltage (Ip—
Vi) transfer characteristics of the TFT device as measured by
using a semiconductor parameter analyzer. The device shows p-
type conduction with high current on/off ratios over ~10* at
each different drain voltage (Vp). As compared to the large
hysteresis of the device without Al,O; deposition (Figure S10),
this device displays similar forward and backward curves,
suggesting that Al,O; passivation on the SWNT device
effectively passivates possible charge trap sites on SWNTs.
These transfer characteristics contrast starkly with that prepared
by 78% enriched m-PSWNT, whose on/off ratio is substantially
less than 10, as shown in Figure Slla of the SI. The linear
mobility (y;,) of the s-PSWNT device was estimated using the
following equations, trans-conductance g, (V) = dIp/dVg and
Hin = (gn/ CoxV) X (L/W), where C,, and V}, are the dielectric
capacitance of SiO, (C,, = 1.21 X 107® F/cm?) and drain voltage,
respectively. The maximum mobility (,,,,) was determined to
be 4.2 cm?/Vs. The I,—V}, output characteristics (Figure 8d) of
the devices show that ohmic contact exists between the SWNT
and Au/Ti electrodes. A total of 39 devices from each
supernatant/precipitate sample were prepared, and statistics of
on/off current ratio and y,,,,, value were obtained (Figure 8e and
f). The average on/off ratio of s-enriched and m-enriched
PSWNT devices shows an average of 2.7 X 10* and 1.9,
respectively, which are similar to those of TFT devices prepared
by 94% s-enriched SWNT by using an agarose gel purification.*
Average f,,, of s-enriched PSWNT devices displays 2.3 cm?/V-s.

We further improve a device performance by using 30 kg s-
enriched SWNT via dipcoating method, as illustrated in Figure
9a. The fact that higher centrifugation results in purer s-PSWNT
dispersion infers that dropcasting might induce preferential m-
PSWNT precipitation in the device. The inset of Figure 9a
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Figure 9. Device performance of s-enriched PSWNT obtained from a 30 kg sample via dipcoating. (a) Dipcoating of a prepatterned Si substrate into 30
kg s-PSWNT dispersion. Inset: a SEM image of random network PSWNT between device channel. (b) I,—Vj; transfer characteristics (solid circle) and
i (empty circle) measured at different Vp,. (c) In—Vp, output characteristic at different V. (d) I,,,/Ig ratio and (e) mobility histograms.

displays an SEM image of random network thin film of PSWNTs
formed by 1 h dipcoating. The measured nanotube density (15
tubes/um?) and morphology remain similar to that of the
dropcast sample of S kg s-PWNTs (Figure S9). In this time, we
prepare TFT devices without Al,O; deposition. Although the
absence of Al,O; passivation layer results in hysteresis, the
resulting representative device (Figure 9b) displays p-type
conductance behavior with high current on/off ratio and p;, as
large as 5.5 X 10° and 18 cm’/ Vs, respectively. This confirms
that s-enriched purity dominantly controls the device perform-
ance. The I,—V}, output characteristics (Figure 9c) of the devices
confirm the ohmic contact, observed in the device from the 5 kg
sample. A total of 19 devices shows an average on/off current
ratio of 2.7 X 10° and an average y,,,, value of 11.5 cm?/V's
(Figure 9d and e), respectively, which are 2 orders of magnitude
and five times higher than those from the device derived from 5
kg, respectively. Interestingly, the 19 devices display uniform
current on/off ratio at the level of 10° which seems to originate
from sample homogeneity enhanced by usage of a 30 kg s-
enriched sample and dipcoating method. The mobility varied
from 5 to 20 cm?/V-s. Overall, the device performances of s-
enriched PSWNT mentioned above are similar to those of highly
dense TET SWNT devices prepared by poly(fluorine) sorting.*”

Our findings provide a more effective way to sort SWNT's by
electronic type. Both LCC and DGU require sophisticated
instrumentation to employ after dispersion. Our method, on the
other hand, is simple and fast, energy-saving, and requires no
major instrumentation. Moreover, unlike the polymeric
dispersing agent, the small molecular isoalloxazine has no
concerns on polymer entanglement-related lowering of SWNT

23276

purity.”® These advantages make our method especially suited for
multistep sorting to obtain ultrapure s-tubes.

H CONCLUSION

In the investigation described above, we have demonstrated that
the organic surfactant FC12 can be used to enrich high purity s-
and m-SWNTs in a p-xylene simple, affordable, and efficient
manner. The method, which does not require preseparation
steps and utilizes simple benchtop centrifugation, results in s- and
m-SWNTs having purities greater than 99 and 78%, respectively.
The resulting s-enriched SWNT displays sharp optical
absorption bands along with suppressed background absorption.
The use of higher g-force in the centrifugation process increases
purity of the s-SWNT in excess of 99.6%. FC12 displays a
selectivity toward larger s-SWNTs and energy transfer with
SWNTs. After its use in the electronic sorting process, FC12 can
be eliminated by taking advantage of its ability to undergo
photoreduction to form a dihydro-product that binds less tightly
to the SWNT. Random network SWNT TFT devices,
constructed using SWNTs obtained employing the new
procedure, have p-type conductance with a high average current
on/off ratio over 10° and an average mobility exceeding 10 cm?/
(V s). We provide underlying photoinduced energy transfer of
aromatic surfactant interacting with SWNTs. Precipitation of
SWNTs via the FC12 photoreduction might find a way to
position SWNTs in a specific location. Fine tuning of SWNT
enrichment protocol along with device geometry modifications
would provide a better TFT device performance.
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B EXPERIMENTAL SECTION

Materials and Methods. FC12 was synthesized via two steps by
using a previously reported method.*® SDS (10352) was purchased from
TCI. FMN was obtained from Sigma-Aldrich. All solvents are reagent
grade and used without further purification. PSWNTs (RN-220
SWNTs, batch# R26-036, length distribution: 0.5—4 pm, SWNT
content: 30—70%, d distribution: 1.3 + 0.4 nm) and HiPco SWNTs
(Batch #: R1-831, SWNT content >65%, d distribution: 1.0 + 0.35
nm)®® were purchased from Nanointegris. UV—vis—NIR absorption
spectra were acquired using a JASCO V-770 with a cuvette having 1 cm
path length. Prior to Raman and AFM measurements, 285 nm thick
SiO,/Si substrate pieces (Lot#7400383-603-Z, Shinetsu, Japan) were
cleaned by immersing them in piranha solution (H,SO,:H,0, = 7:3) for
20 min and subsequent washing by flow of Milli-Q quality water for S
min. The substrates were dried with a N, stream and were further dried
in a vacuum oven at 110 °C for 1 h. TGA was conducted by SDT Q600
(TA Instruments) under N, atmosphere from room temperature to 900
°C with ramping rate of 5 °C/min. SEM measurements were acquired
by JSM-7001F (JEOL Ltd.) with 10 kV acceleration.

SWNT Dispersions. s-SWNT Enrichment Based on FC12. A
mixture of 1 mg of SWNT and 1 mg of FC12 was added to 4 mL of p-
xylene. The resulting mixture was exposed to brief (5 min) bath
sonication (Branson 1510 sonicator, 70 W) and further subjected to 1 h
tip sonication [40% power (18.8 W/mL), probe tip diameter: 13 mm,
VCX 750, Sonics & Materials], cooled with a water circulator
maintained at 10 °C. After varying centrifugation steps (i, S000,
10 000, 20 000, and 30 000 g, no. 1 fixed-angle rotor, Supra 22K, Hanil or
Wisespin CF-10, Daihan Scientific Co., Ltd.) for 2 h, 80% supernatant
was collected.

m-SWNT Enrichment. After discarding the residual supernatant,
fresh 4 mg of FC12 in 4 mL of p-xylene was added to the microcentrifuge
tube containing the precipitate. The resulting mixture was tip-sonicated
for 1 h at room temperature to produce an m-enriched sample without
further centrifugation.

SDS—SWNT Dispersions. A mixture of 1 mg of SWNT and 10 mg of
SDS was added to 10 mL of water. The heterogeneous solution was
subject to 1 h bath sonication and 4 h tip sonication at 300 W. A 10 h
centrifugation at 80 000 g (70Ti rotor, Beckman Coulter) was applied.
The 80% supernatant was collected to remove SWNT bundles and
carbonaceous and metallic impurities. Prior to measurement, the pH of
the dispersion was adjusted to 10.

PLE Measurements. PLE spectroscopy measurements were
conducted on a Spex Nanolog 3-211 spectrofluorometer (Horiba
Jobin-Yvon) excited using a broadband 450 W Xe lamp, equipped with a
liquid nitrogen-cooled, multichannel InGaAs array detector (512 X 1
pixel with a detection range of 800—1650 nm) which can detect SWNT
PL up to ca. 1.3 nm d. A 150 g/mm grating was utilized to disperse the
emission light. Excitation and emission slit widths were 14 and 10 nm,
respectively. Both excitation and emission light intensities were
corrected against instrumental variations using a sensitivity correction
factor to produce a PLE map. PL chirality assignments of s-SWNTs were
based on PL pattern matching of a PLE map, reported by O’Connell et
al.*** Excitation and emission profiles extracted in the vicinity of given
PL position in the PLE map were deconvoluted by using a Lorentzian
shape to pinpoint S;; and S,, positions of FC12-SWNTs in p-xylene.

Raman Measurements. Few tens of microliters of each dispersed
SWNT sample were deposited on a piranha-cleaned SiO,/Si substrate,
and residual FC12 was removed by using multiple methanol washings
until no FC12-derived green PL exists in washed solution. Raman
spectra were acquired using LabRam ARAmis (Horiba Jobin Yvon).
Scattered light was collected via back scattering geometry using 100X
objective and 600 g/mm grating. Typically, 0.7 mW laser power was
used for Raman measurements to suppress unwanted SWNT damage.
632.8 and 785 nm lasers were utilized to probe HiPco and PSWNT,
respectively. The Si peak (520.89 cm™) was used as an internal
standard. Raman mapping was acquired by using a custom-made Raman
setup with mechanical xy stage (SCAN 75 X 50, Marzhauser) and 532
nm diode-pumped solid state (DPSS) laser at 0.8 mW power, according

to previously reported literature.”” An area of 50 X 50 um? containing
dropcast s-PSWNT film was measured, and the pixel size is 1 X 1 um”.

Photoreduced FC12-PSWNT Sample Preparation. The SWNT
precipitation process is facilitated by using 365 nm UV irradiation from a
hand-held UV lamp for a few hours. The sample was centrifuged at
3000g for 2 min, and the majority of supernatant was discarded. N-
Methyl-2-pyrrolidone (NMP) corresponding to half of the initial p-
xylene amount was introduced into the tube, which was tip sonicated for
S min to produce homogeneous dispersion. UV—vis—NIR absorption
spectra of photoreduced FC12-PSWNT and HiPco were collected,
while samples are mechanically agitated.

LC—MS Measurements. LC—MS spectra were acquired using 1260
Infinity LC/6530 and Accurate Q-TOF (Agilent Technologies). 0.1%
formic acid was used to ionize molecule. FC12-depleted SWNT
dispersion in p-xylene was first filtered with a 0.45 pum pore
poly(tetrafluoroethylene) (PTFE) syringe filter to remove SWNTs,
and the resulting solution was evaporated to dryness under vacuum. The
resulting residue was dissolved in 3 mL of methanol, and the solution
was injected into LC with a flow rate of 0.5 mL/min using a C18 reverse
column. Electron spray ionization mass spectra were acquired by
irradiating eluent with dual AJS ESI ion source using 4000 V energy, and
ion polarity is in a positive mode.

TGA Measurements and lIsolation Yield Calculation of s-
PSWNTSs. A mixture of 225 mg of PWNT, 225 mg of FC12, and 900 mL
of p-xylene was used to prepare PSWNT dispersion. The sample was
prepared by the above dispersion protocol, and 84.2% (or 758 mL) of
supernatant centrifuged at 5000g was collected. The supernatant was
subject to hand-held 365 nm UV irradiation overnight. The flocculated
sample was filtered by a Teflon filter paper (pore size: 0.4S um,
diameter: 25 mm, PVDF, Cat. No.:HVLP02500, Millipore) and was
subject to methanol washing several times to remove excess reduced
FC12. The sample is further dried at 150 °C under vacuum. The final
weight of SWNT film is 23.2 mg and is subject to analysis. TGA shows
that about 47 wt % originates from the SWNT. Based on 47% SWNT
contents in the supernatant volume, nominal 66.7% semiconductor
abundance in conservative 70% PSWNT purity, the isolation yield is
about 13%.

TFT Device Fabrications. Backgate TFT devices were fabricated.
Sample 1 prepared by dropcasting of 5000g s-enriched PSWNTs: For
the source and drain ohmic contact electrodes, Au/Ti (50/25 nm) was
deposited on a 285 nm thick SiO,/p*-Si substrate (resistivity < 0.005 Q
cm) by using a DC magnetron sputtering system, while those were
patterned by photolithography and lift-off process with lift-off layer
(LOR SA, MicroChem) and photoresist layer (AZ GXR-601, AZ
electronic materials). An amount of S00 uL of 5000g of s-enriched
supernatant solution was dropcast and incubated on the prepatterned
substrate until solvent is removed, and the substrate was washed with
methanol several times until no green PL originating from FC12 was
observed by using a hand-held UV lamp. This sample was further air-
annealed at 250 °C for 1 h to remove any adsorbates. s-PSWNT's were
patterned by photolithography and O, plasma dry etching process with
photoresist layer. For the dielectric layer, S0 nm of Al,O; layer was
deposited by an atomic layer deposition” system. The channel width/
length were defined to be 300 #m/20 ym for our s-SWNT TFTs, and
the device current—voltage (I—V) characteristics were measured using a
semiconductor parameter analyzer (HP 4155C, Agilent Technologies)
under ambient conditions. Using this method, 20 s-SWNT and 19 m-
SWNT TFT devices have been investigated. Sample 2 prepared by
dipcoating the prepatterned substrate in 30 kg s-PSWNTs: The channels
L/W were defined with 200/20 um. The prepatterned Si pieces were
immersed into 30 kg s-enriched PSWNT sample for 1 h. In this time,
AlL,O; was not deposited. The devices were subject to the similar
processes applied in the sample 1. In total 19 devices are prepared in this
way.
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RBM analysis of enriched samples

After careful calibration with respect to Si peak at 520.89 cm™!, Raman RBM frequency
(orBM) analysis on separated PSWNT and HiPco samples were conducted. Assuming the d
distribution as Gaussian profile, one can expect that peak intensity of resonating SWNTs would
decrease when deviations from the average d occurs. PSWNT has a median d at 1.35 nm with +
0.4 nm distribution. With 785 nm excitation, the observed wrsm peak from the supernatant of
FC12-PSWNT are 161.5, 190.5, 205.6, 216.4, and 225.0 cm™’. Using the empirical diameter-orpm
relationship (i.e., semiconducting: wrem = 223/d +10, metallic: wrem = 218/d +17),51 one can
assign m- and s-PSWNTs for a given PSWNT. The 161.5 and 190.5 cm™ peaks derive from m-
SWNTs whereas the 205.6, 216.4 and 225.0 cm™! peaks originate from s-SWNTs. By comparison
of underlying area, s- and m-enrichments of PSWNT are determined to be 95 and 78%,
respectively. However, it needs to be pointed out that resonating m-SWNTs are situated at near
median diameter (1.35 nm or 176 cm™) and, therefore, appear to have much greater population
than those of s-SWNTs, leading to overestimation of the metallic content. Similarly, HiPco has d
distribution ranging from 0.65 to 1.35 nm, centered at 1.0 nm.> With 632.8 nm laser (or 1.96 eV),
observed RBM peaks (wrpm) from supernatant are 195.1, 218.5, 256.3, and 285.1 cm™. Among
those peaks, the 195.1 and 218.5 cm™! peaks originate from m-SWNTs, and the 256.3 and 285.1
cm’! peaks derive from s-SWNTs. Because the observed s- and m-SWNTs are distributed equally
from the median d line, one can assume that each electronic structure would be excited with similar
probability using resonating laser windows (i.e., £0.1 eV). By calculating each s- and m-area of
respective supernatant and precipitate, the number-averaged s- and m-SWNT enrichments of

HiPco are determined to be 76 and 61%, respectively.
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Purity analysis based on absorption spectrum

Absorption spectra containing distinct So» and M1 peak regions were used to determine purity
of enriched s-PSWNTs, according to previously reported literature.>*® SDS-dispersed PSWNT
was utilized as a reference having 1 part of m- and 2 part of s-SWNTs. In the case of SDS-PSWNTs
dispersion, the summated peak areas of background-subtracted m- (570-750 nm) and s- (750-1200
nm) absorption region are 1 and 8.74, respectively, which are tabulated in Table S2. s-/m- peak
ratio of FC12-PSWNTs with varying centrifugal speed in Figure 3 are 250.8, 349.5, 1152, and
1218 for 5, 10, 20, and 30 kg samples. Those s-/m- peak area ratio was divided by SDS-based
normalization factor (i.e., 8.74) to produce s-/m- abundance ratio and s-PSWNT purity. The results
are summarized in Table S2. Moreover, we added absorption spectra of a commercially available

99% enriched s-SWNT with similar diameter, as shown in Figure S7.

Raman mapping analysis

Unfortunately, the broad d distribution of PSWNT hampers us to estimate s- and m-purity
based on G* and G band intensities proposed by Finnie et al.> Instead, in order to verify a spatial
homogeneity of purity of the deposited s-PSWNT on a Si substrate, Raman mapping probed by
532 nm was acquired. This measurement allows us to probe smaller d m- and larger d s-PSWNTs
originating from M and S33 transitions, complementary to d information obtained by 785 nm
excitation. Figure S8 displays Raman data extracted from Raman mapping whose size is 50x50
um? with pixel size of 1x1 um?. Overlaid 2500 RBM spectra displays no particular RBM signal
originating from m-PSWNT, as indicated by dotted line based on the above d-wrpwm relationship.
In addition, G band spectra exhibit absent BWF shape originating from m-PSWNT. In addition,

summated RBM intensity shows that RBM intensity from s-PSWNTs is dominant as compared to
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that from m-PSWNTs. It is noteworthy that majority of the m-PSWNT signal originates from
residual peak tails from s-PSWNT. This suggests that the enriched sample possesses not only high
purity, but also have spatial electronic homogeneity. Intensity map from G" and G™ bands displays
that there is no deviation in the intensity pattern, suggesting the absence of BWF peak originating

from m-PSWNTs.
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Figure S1. (a - d) The corresponding PLE maps of FC12-PSWNTs according to varying g-forces.
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Figure S2.  Stability of FC12-PSWNT sample. Photographs of (a) the initial and (b) one year

old sample. The reduction in the dispersion is owing to a measurement. (c¢) The corresponding

absorption spectra. An asterisk indicates the absorption attributed to the solvent.
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Figure S9. (a — b) SEM images of s-enriched PSWNT deposited on device channel. Scale bar: 1

pm.
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Figure S11. (a) Current-gate voltage transfer and (b) output characteristics of the TFT device

prepared by using m-enriched SWNTs.
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Table S1. Si1 and S positions of FC12- s-SWNTs dispersion in p-xylene, based on PLE maps.

SWNT diameter was calculated from 1.44 A C-C bond length.

Assignment| Diameter |Optical transitions| Observed (n,m)

(n, m) (nm) |Si1 (nm)|S2 (nm)| HiPco |PSWNTs
(6,5) 076 | 986.7 | 581.9 o

(8,3) 0.78 980.8 673.8 o

(7,5) 0.83 1044.9 | 656.9 o

(8,4) 0.84 1124.6 | 605.8 o

(10,2) 0.88 1069.0 | 751.2 o

(7,6) 0.90 1147.4 | 662.0 o

9.4) 0.92 1118.6 | 736.3 o

(11,1) 092 | 13033 | 624.3 o

(10,3) 0.94 12739 | 645.4 o

(8,6) 0.97 1205.7 | 734.0 o

9,9 0.98 1269.2 | 689.5 o

(11,3) 1.01 1217.6 | 823.4 o

(13,0) 1.03 14183 | 687.8 o

(8,7 1.03 1308.1 741.6 o

(10,5) 1.05 12809 | 823.8 o

(11,4) 1.07 | 1413.1 | 7299 o

9,7 1.10 1369.6 | 825.6 o

(10,6) 1.11 1420.1 765.8 o

(13,2) 1.12 1334.6 | 883.4 o o
(12,4) 1.15 | 1383.4 | 883.1 o o
(9,8) 1.17 1458.7 | 829.4 o o
(11,6) 1.19 1432.4 | 884.9 o o
(15,1) 1.23 1463 940 o o
(10,8) 1.24 1512.7 | 889.1 o o
(14,3) 1.25 1489.8 | 941.9 o o
(13,5) 1.28 1534.6 | 936.6 o o
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Table S2. Absorption-based semiconductor purity and yields of s-PSWNTs from various protocols.

Sample Peak area ratio of | Abundance ratio s—PSWNT S-PSWNT
S2/ M1 of s-/m-PSWNT | purity (%) yield (%)
5000 g 250.8 57.38 98.28 13
FCI12- | 10000 g 349.5 79.97 98.76 10.4
PSWNT | 20000 g 1152 263.7 99.62 4.8
30000 g 1218 278.7 99.64 3.9
SDS-PSWNT 8.741 2.000 66.67
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