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ABSTRACT Semiconducting single-walled carbon nanotubes (SWCNTs) have great po-

tential for use in electronic and optoelectronic devices. However, methods for synthesizing ///
SWCNTs produce a mixture of metallic and semiconducting materials, which require addi- C
tional processing to separate by electronic type. Purification and enrichment of the semi-

conducting fraction is readily achieved by using the centrifugation of aqueous suspensions of QQ

SWCNTs with the help of surfactants, but this leaves residual surfactant on the SWCNT surface
HCN

that can impact their electronic and optical properties. Here, we present a detailed study of H,0

the sodium taurodeoxycholate (STDC) surfactant removal process during vacuum annealing, s
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showing that it occurs through fragmentation of the surfactant, and that complete removal
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requires exceedingly high temperatures, which indicates strong binding to the SWCNTs. We then present an approach based on air oxidation and mild

annealing to completely remove the surfactant while maintaining the SWCNT properties. Using this approach, we compare single SWCNT electronic devices

with and without STDC and show that, despite the very strong surfactant binding, it does not affect device performance substantially.
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ingle-walled carbon nanotubes (SWCNTSs)

have the potential to be a cornerstone

material for emerging electronic and
optoelectronic nanotechnologies, with de-
monstrated applications such as transistors
for high-performance computing,’ flexible
and transparent electronics,® nanoscale
light emission and detection,? and chemical
sensing.*” For these applications, semicon-
ducting SWCNTs are required, but existing
growth processes yield a mixture of semicon-
ducting and metallic SWCNTs. One of the most
promising methodologies to solve this pro-
blem is postgrowth solution-processing of
SWCNTs, such as density-gradient ultracentri-
fugation (DGU),® gel chromatography,” and
selective polymer wrapping?

While these methods have demonstrated
the separation of metallic and semiconduct-
ing SWCNTs, electronic devices fabricated
from such SWCNTs are much more resistive
than state-of-the-art devices fabricated
directly from CVD-grown SWCNTs.”~'® An
open question is what role surfactants
and other molecules introduced during the
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solution processing play in this degradation
of device properties. For example, residual
surfactant along the SWCNT channel may
cause scattering, decreasing mobility in
FETs2101214716 The residuals are certainly
problematic for chemical sensors since re-
sidual surface molecules will alter the chem-
istry of the SWCNT sidewall, blocking access
or otherwise mediating reactions.'”'® For
optoelectronics, adsorbed surfactant can
impact exciton diffusion length,’® broaden
absorption peaks,?® and lead to photolumi-
nescence sidebands and blinking.?' Pre-
vious studies have examined physical and
chemical approaches to remove the surfac-
tant, focusing mainly on films of SWCNTs.
While these approaches have shown a gen-
eral improvement in device cleanliness,
their effectiveness in removing the surfac-
tant from the SWCNTs themselves has not
been established. The aforementioned
studies do not usually present direct anal-
ysis of the surfactant removal process, and
only one presents the impact on individual
SWCNT-based device properties, with the
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conclusion that removal of the surfactant improves
device behavior.'?

The physical processes used to remove surfactants
include filtration,”?? rinsing and soaking in solvents,'”
and annealing in inert environments.#?* These meth-
ods are not general since the binding energies and
density around the SWCNTs can vary widely across
molecules'” and polymers.2* Filtration requires resus-
pension of the SWCNTSs in dichloroethane using ultra-
sonication, which damages them.”® Rinsing can
remove the bulk of the surfactant but not the closest,
strongly adhered layer to the SWCNT sidewall, as
demonstrated by microscopy.”® Soaking and rinsing
approaches for surfactant removal may also lead to
SWCNTs going into solution, thus reducing the SWCNT
density or even redepositing them in unwanted loca-
tions. This can be avoided by pinning the SWCNTs
down with metal contacts prior to the soaking pro-
cess,'® but then surfactant may also be pinned be-
tween the metal and SWCNT, potentially increasing
contact resistance. Further, these processes target the
surfactant but not other molecules introduced to aid
deposition which can also affect device properties.®

Chemical approaches to remove the surfactant have
focused on oxidation, including oxidation in nitric acid
and heating in air. These take advantage of the greater
oxidative reactivity of sp>- over sp>-hybridized carbon
bonds and may therefore be more general to remove
surfactants and other organic contaminants.?” Oxida-
tion in nitric acid has been shown to increase the
conductivity of transparent conductive films of
SWCNTs'62%2873% and to be more effective than rin-
sing alone.?° Unfortunately, the nitric acid damages
the SWCNTs,?%3° and much of the resistance decrease
can be attributed to oxidative doping of the semicon-
ducting SWCNTSs to form more paths in the percolating
networks.??3° O, oxidation through the laser heating
of substrates in air can remove surfactant in dense
networks,®" but this process may be difficult to imple-
ment in a production setting as it uses a laser rastering
process, and its efficacy on removing surfactant from
the SWCNT sidewall was not evaluated directly.

Thermal treatments are an attractive alternative
technique to remove surfactants, as this may also result
in overall cleaner devices, and annealing is nearly
universally used as a final step to clean solution-
processed SWCNT devices.”2'"""53% However, the
effectiveness of annealing at removing surfactant from
encapsulated SWCNTSs has not been directly evaluated.
Instead, indirect measurements of SWCNT properties,
such as photoluminescence, were used.”

In this article, we begin by examining the effective-
ness of thermal techniques at removing sodium taur-
odeoxycholate (STDC) surfactant from SWCNTSs through
direct measurement. Using temperature-programmed
desorption (TPD), we present a detailed study of the
desorption of the STDC from SWCNTs during vacuum
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annealing, showing that it occurs through fragmenta-
tion and requires very high temperatures for complete
removal, indicating strong binding to the SWCNTs.
Next, we present and analyze a more effective and
general procedure to etch the surfactant from SWCNTs
on a wafer substrate using air oxidation. AFM analysis
and Raman spectroscopy show that the etch incurs
minimal damage to the SWCNTs, and the adsorbed
oxygen from the procedure can be removed using a
low-temperature vacuum anneal. Application of the
process is illustrated through the fabrication of field-
effect transistors with individual SWCNTs, and compar-
ison of devices with and without the surfactant shows
that STDC dopes the SWCNTs but does not substan-
tially impact the field-effect mobility.

RESULTS AND DISCUSSION

Analysis of Surfactant Desorption in Vacuum. We began
by analyzing surfactant desorption from SWCNTs dur-
ing annealing in vacuum in order to assess the effec-
tiveness of this approach and the strength of the
surfactant binding. SWCNT material with the STDC
surfactant was prepared as described in the Methods
section and subjected to mass spectroscopy (MS)
temperature-programmed desorption. Figure 1 plots
the evolution of the gases as the SWCNT sample was
heated in UHV. The figure shows that a broad range of
molecular species evolves, with some species observed
at temperatures as high as 800 °C. At 230 °C, most of
the water was removed and the STDC surfactant began
to pyrolyze, with the aliphatic tail coming off between
230 and 370 °C. This is revealed by the presence of
sulfur- (H,S and SO,) and nitrogen-containing gases
(NO and acetamide) with peaks seen at principal mass
to charge ratios m/z = 32, 64, 30, and 59, respectively.
The remaining steroid groups were mostly removed
over a broad range of temperatures from 450 to 650 °C,
as seen by the clusters of peaks near m/z = 51, 64, 78,
and 94.

Although the principal peaks of the whole steroid
groups are above the range of the residual gas analyzer
and could not be detected, these fragmentation pat-
terns suggest that the groups were fragmented and
aromatized before desorption, as each cluster of peaks
had different temperature dependences, and the clus-
ters are centered around m/z numbers characteristic of
aromatic hydrocarbons such as benzene, benzene
derivatives like toluene and phenol, and naphthalene.
The desorption of some of these molecules continued
to very high temperatures, with species still detected
above 800 °C, such as the line at m/z = 64 (see also
Supporting Information Figure S3). This fragment likely
corresponds to naphthenic hydrocarbons, further con-
firmation that these groups have stronger interactions
the SWCNTs than with benzene groups.>? These stud-
ies show that, at least for STDC, vacuum annealing
alone is an inefficient process for surfactant removal
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Figure 1. (a) Structure of the STDC surfactant.>® (b) Results of temperature-programmed desorption of the surfactant and
adducts from the ultracentrifuged SWCNTs. The horizontal dashed lines point to the molecular species that are evolving,
while the vertical dashed lines denote the temperature regions where desorption of the tail and steroid groups from the
surfactant are observed. For each species identified, only the m/z ratio of the principal peak is labeled, but for identification,
the full MS fingerprint was used. Expanded data can also be found in Figure S3.

and requires temperatures that are too high for many
fabrication processes. We expect that other processes
which also rely on thermal desorption of the surfactant
in vacuum (e.g., laser or joule heating) would suffer
from the same issues.

Oxidative Process for Surfactant Removal. In order to get
around the issues with the purely physical thermal
desorption process, we developed a chemical process
based on mild oxidation in air. The goal (and challenge)
of this etching process is to remove the surfactant
functional groups without impacting the SWCNTs. We
thus began by performing thermogravimetric analysis
(TGA) in dilute air (Methods) to investigate whether
any region could be identified where the surfactant
and SWCNT oxidative burning could be decoupled.
Figure 2a shows TGA curves for the SWCNT material as-
purchased (AP), the suspended SWCNT material after
the first sonication in surfactant solution (FS), and the
SWCNT material after the first ultracentrifugation step
(UQ) (see Methods). The AP and FS samples contained
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substantial amounts of catalyst, whereas the UC sam-
ple contained less than 1% by weight, as measured by
the remaining mass>* after oxidation at 1000 °C. As a
consequence, the SWCNTs burn primarily between
550 and 850 °C in the UC sample but are completely
combusted by 600 °C in the FS sample, because of the
high concentration of active catalyst. The SWCNTSs burn
at an intermediate temperature range in the AP sam-
ple, between 500 and 800 °C, because catalyst particles
are present but are deactivated until the carbon shells
surrounding them are removed.?* As a consequence of
the temperature ranges for SWCNT combustion in the
FS sample, it is difficult to identify a region where the
surfactant can be oxidized without burning the CNTs.
However, the differential TGA curves of Figure 2a show
that the UC material has a clear separation between the
surfactant and SWCNT combustion regions, allowing
for selective etching of the surfactant. The mass loss
seen above 900 °C, largest in the FS sample, likely
results from the oxidation of other non-SWCNT
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Figure 2. (a) TGA curves showing percentage of weight
remaining and corresponding derivative weight loss, as a
function of temperature in air (0.4% O,, 0.3% H,0) for the
as-purchased (AP) CNT material, suspended CNT material
after first sonication in liquid (FS), and CNT material after
low-power ultracentrifugation (UC). The Raman spectra in
the inset show the absence of the carbonaceous species in
the UC material as evidenced by the reduction of the D peak.
(b) TGA curves for the ultracentrifugated SWCNT material
for three different oxygen concentrations and the corre-
sponding derivative weight loss. The inset shows the deri-
vative weight loss rate for two temperatures as a function of
oxygen concentration.

graphitic carbons. These are largely removed by ultra-
centrifugation, explaining their relative absence in the
UC material.

The selectivity of the process is dependent on the
oxygen concentration, as seen from TGA data of the UC
material taken at different oxygen concentrations at
atmospheric pressure (Figure 2b). The SWCNT burn
rate remains low at temperatures below 520 °C for
oxygen concentrations of 0.38% or lower, but at a
concentration of 10%, the surfactant burning region
and the SWCNT burning region overlap. This oxygen
concentration dependence is seen clearly in the inset
of Figure 2b, in which the total burn rates at 400 °C,
where the mass loss is due mainly to the combustion of
surfactant, and at 500 °C, where the mass loss is due
primarily to the combustion of SWCNTs, are plotted.
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Figure 3. Results of temperature-programmed desorption
of the surfactant and adducts from the ultracentrifuged
SWCNTs after oxidation. The horizontal dashed lines point
to the molecular species that are evolving. For each species
identified, only the m/z ratio of the principal peak is labeled,
but for identification, the full MS fingerprint was used.
Expanded data can also be found in Figure S4.

Over these partial pressures, the surfactant combus-
tion has little dependence on the oxygen concentra-
tion compared to the SWCNTSs, so that a window for
preferential etching of the surfactant exists at small
oxygen concentrations.

Water, another reactive component of air, was also
present during the TGA experiments, with concentra-
tions ranging from 0.3 to 0.5%. Even though water was
not consumed during the oxidation of the surfactant or
the SWCNTSs (see Figure S5), water could still have been
catalytically active in the oxidation. Further experi-
ments involving oxidation in dry O, and pure H,O
are necessary to clarify the roles of water and oxygen in
the oxidation processes.

We characterized the effectiveness of the oxidation
process at removing the surfactant by again perform-
ing MS TPD analysis. The SWCNT sample was first
heated in a furnace at 500 °C in air for 10 min. As
shown in Figure 3, upon heating the oxidized sample in
UHV, little trace of surfactant-related species was de-
tected. In comparison with Figure 1, Figure 3 is very
sparse, with the only faint surfactant-related peaks
detected above the background occurring at 560 °C
for m/z = 52, 60, and 64. Figure 3 also lacks the
characteristic multipeak patterns that are seen when
multi-carbon organics are present, as in Figure 1. The
faint residuals may result from incomplete oxidation of
the surfactant or products from the oxidation that are
adsorbed on the porous alumina crucible.

While the oxidation process was effective at remov-
ing the surfactant, Figure 3 also shows that significant
peaks appear at mass ratios of 28 and 44, which can
be attributed to CO and CO,. These are due to the
adsorption of oxygen on the SWCNTs during the etch
process, with broad desorption peaks indicative of the
variety of absorption environments present within the
sample. The relatively low peak desorption tempera-
tures (605 and 534 °C) suggest that the majority of the
oxygen is either physisorbed or chemisorbed as car-
boxyl groups.>®*” The chemisorbed O,, which desorbs
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mainly as CO, may replace H groups on the ends of the
SWCNTSs or at pre-existing defect sites, as the increase
in the amount of CO desorbed near 600 °C in the
oxidized sample is accompanied by a 1:1 decrease in
the amount of H, desorbed near 750 °C when com-
pared to the unoxidized sample (see Figure S4 for
expanded data).

Etching Surfactant from SWCNTs on Si Wafers. The oxida-
tion process was further tested on SWCNT material
deposited on Si wafers (see Methods). AFM and Raman
spectroscopy were used to examine the chemical and
structural changes in the SWCNTSs due to the etching
and annealing processes. AFM analysis*® of SWCNTs
dispersed on substrates confirms that the etch selec-
tively removes the surfactant, leaving the SWCNTs
morphologically unchanged. Qualitatively, the SWCNTs
were more clearly resolved in the etched samples, be-
cause of the removal of the surfactant and aminopropyl-
triethoxysilane (APTES), (Figure 4a,b). The aerial density
(~50 SWCNTs/100 #m?) was unchanged after etching at
300, 400, and 500 °C for 10 min. After a 600 °C oxidative
etch, all of the SWCNTs were removed. Figure 4c shows
the corresponding length distributions of the identically
prepared samples as a function of etching temperature.
No significant changes were seen in the distributions or
mean SWCNT lengths between samples. Experiments
with SWCNTs purchased from Nanolntegris, Inc. also
showed no changes in those parameters postetch, sug-
gesting that the etch should be broadly applicable for
catalyst-free SWCNT preparations.

To further characterize the effects of the etch
process and surfactant removal on the SWCNTs, and
the reversibility of the oxygen adsorption, Raman
spectra were taken on SWCNT samples at different
stages of the standard etch recipe (500 °C oxidation in
air, 600 °C anneal in high vacuum) and on samples
etched with other etch recipes for comparison (See
Supporting Information Figure S6). The effects of the
fragmentation and the removal of the surfactant, the
0, absorption, and recovery of the pristine SWCNTSs at
different stages of the etch process can be seen in the
Raman spectra in Figure 5a. These are normalized
spectra without background subtraction, covering
the RBM, D, G, and 2D peak regions. For the material
as-deposited, all the significant peaks®® were easily
distinguishable from the flat background, as the sur-
factant did not strongly scatter the 532 nm light or
quench the Raman signal from the SWCNTs. After
etching at 380 °C, a broad photoluminescent (PL)
background emerged and the signal from the SWCNTs
was diminished. This PL background likely comes from
partially oxidized and fragmented surfactant. The
background was not present in the samples oxidized
at 500 °C (i.e., after removal of the surfactant), and the
SWCNT peaks were again the most prominent features.
In these, the RBM and D peaks were greatly diminished
when compared to the initial spectra, but they were
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Figure 4. AFM height images (5 um x 5 um) of the SWCNT
material after ultracentrifugation, spin-cast onto an APTES-
coated SiO,/Si wafer (a) as-deposited and (b) in a different
region after oxidizing at 500 °C for 10 min. (c) Comparison of
SWCNT length distributions after oxidation at three differ-
ent temperatures for 10 min. (z-scale: 0—5 nm)

restored by annealing the samples at 600 °Cin vacuum
to remove the adsorbed oxides. The final spectrum was
very similar to the starting one, indicating recovery of
the material.

High-resolution, background-subtracted Raman
spectra (Figure 5b) show that the SWCNTs are doped
by both the surfactant and the oxidation but are nearly
intrinsic after the anneal. This lack of doping in the
annealed SWCNTs is indicated by the presence of the
Breit—Wigner—Fano (BWF) shaped peak®® in the G~
band around 1520 cm ™', which indicates free carriers
near the band crossing point in metallic SWCNTs,
broadening the peak because of the Kohn anomaly.
The absence of this peak in the pristine and oxidized
samples indicates doping®® by the surfactant in the
former and by the adsorbed oxygen in the latter. There
is also a 2 cm ™" softening of the G band from the
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Figure 5. Raman spectra of SWCNT material after low-power ultracentrifugation, spin-cast onto an SiO,/Si wafer, and
thermally processed. (a) Composite Raman spectra over the entire region of interest without background subtraction, with
traces offset for clarity. (b) (Left) Radial breathing mode region, (center) D and G peak region, (right) 2D peak region. The traces
in (b) are normalized to the G peak near 1589 cm™" after background subtraction.

pristine to the oxidized and annealed samples, indicat-
ing a doping*' of about 1 hole/150 C atoms by the
surfactant.

The strong doping due to the oxidation is evi-
denced by the quenching of the RBM, 2D, and D peaks
after the oxidation.*’*? The quenched peaks are com-
pletely restored upon annealing in high vacuum. There
is a general enhancement of the signal for the etched
smaller diameter SWCNTs (RBM peaks above 166 cm ™",
d < 1.5 nm) for the oxidized and annealed material
when compared to the as-deposited material, possibly
due to the removal of the surfactant, or other func-
tional groups stemming from the purification process,
that dope the more reactive smaller diameter SWCNTs.
The quenching of the RBMs through oxidation is similar
to that observed in recent work reporting type-specific
oxidation.*®

The ratio of the areas of the D and G peaks, Ap/Ag, is
a measure of the concentration of disorder in the
sample*** and is also highly dependent on doping,
varying by as much as 20% for small changes in carrier
concentration and more for highly doped samples.*?
As discussed above, the SWCNTSs start out doped by the
surfactant and are p-doped during the etch, so quanti-
tative comparison of the ratio at different etch steps is
not meaningful. Qualitatively, however, the ratio is
greatly increased by the fragmentation of the
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surfactant but otherwise is not changed by the etch
process (Figure S7). This indicates that the surfactant
does not serve as a significant source of disorder before
etching, and that etching does not significantly in-
crease the defect density in the SWCNTs.

Raman spectra taken on the bulk SWCNT samples
used in the TPD and TGA experiments (see Figure S6)
are very similar to the spectra taken for SWCNTSs de-
posited on a wafer (Figure 5), confirming that the
oxidation proceeds in a similar manner for both. These
data also confirm that removing the surfactant by
etching in air results in cleaner samples than simple
annealing in UHV, as evidenced by the increased
disorder (Ap/Ag) seen in the UHV annealed sample
when compared to the data from the sample etched
and annealed (see Figures S6 and S7).

Electronic Devices. As just discussed, one advantage
of surfactant etching through mild oxidation is that it
can be used as postprocessing, performed after the
SWCNTs have already been deposited on substrates.

This also allows for the comparison of electronic

devices with and without the surfactant. Figure 6
shows the transfer characteristics for two representa-
tive single SWCNT devices fabricated using the semi-
conductor-enriched fraction of SWCNTSs after density-
gradient ultracentrifugation. The device in the main
panel was fabricated (see Methods) using a SWCNT
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Figure 6. Transfer characteristics for a single SWCNT device
fabricated using a SWCNT oxidized in air at 500 °C for 10 min,
followed by annealing in vacuum at two different tempera-
tures. The inset on the left shows an AFM image of the device.
The inset on the right shows the transfer characteristic for a
single-SWCNT device fabricated using an as-deposited (i.e.,
unoxidized) SWCNT for direct comparison.

oxidized in air at 500 °C for 10 min, followed by first
annealing in vacuum at 225 °C for 10 min and then
annealing in vacuum again at 600 °C for 20 min. The
device in the inset was fabricated using an as-
deposited (i.e. unoxidized) SWCNT, followed by anneal-
ing in vacuum at 600 °C for 20 min, for direct com-
parison. Postoxidation, and prior to annealing, the
oxidized SWCNT device exhibits very low ON current of
~0.2 nA and minimal gate dependence, due to the
introduction of adducts during the oxidation. Follow-
ing low-temperature annealing at 225 °C, the oxidized
SWCNT device current remains low, indicating minimal
recovery from the oxidation. However, after annealing
at 600 °C, the oxidized SWCNT device has an ON
current of ~30 nA and ON/OFF ratio >10°, comparable
to the behavior of the as-deposited device in the inset
and our previously reported devices fabricated with-
out oxidation,*® as well as other as-deposited solution-
processed SWCNT devices found in the literature. This
recovery in device behavior suggests that most of the
oxidation-induced defects have been removed by anneal-
ing at this temperature, in agreement with the Raman
radial breathing mode spectra of Figure 5, and highlights
the effectiveness of the oxidation and annealing process as
a means to remove surfactant and adsorbates while
minimizing the net introduction of defects.

To study the impact of the surfactant on device
behavior, we fabricated a set of single SWCNT FETs
with surfactant (i.e., as-deposited) and another set
without surfactant (i.e., oxidized at 500 °C and an-
nealed in vacuum at 600 °C). Figure 7a shows the
distribution of threshold voltages for devices with and
without the surfactant. The reduction in the threshold
voltage upon surfactant removal is consistent with
the Raman data, which indicates p-type doping of
the SWCNTs by the surfactant. This threshold voltage
shift of ~2 V corresponds to a doping on the order of
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Figure 7. Impact of surfactant on SWCNT FETs. The distri-
bution of (a) threshold voltages and (b) field-effect mobi-
lities for devices with surfactant (as-deposited) and without
surfactant (oxidized and annealed).

1073 e/atom or 0.2 e/nm. Assuming a dense coverage
of surfactant on the SWCNTSs, this would correspond to
a doping of roughly 1 e/molecule.

More importantly, we find that the surfactant has
little impact on the field-effect mobility, as shown in
Figure 7b. Indeed, for both sets of devices, we find
average mobilities of ~120 cm?/Vs. This value is a
factor of 3 lower than the best reported field-effect
mobilities for solution-processed SWCNT FETs of simi-
lar channel lengths,” most likely due to the quality of
the as-purchased CVD-grown SWCNT material. Regard-
less, our work establishes that, for the range of SWCNT
field-effect mobilities and channel lengths studied
here, the surfactant does not appreciably degrade
electronic transport in the channel.

CONCLUSION

In conclusion, we show that removing the surfac-
tant from type-separated, solution-processed SWCNTSs
through vacuum annealing requires very high tem-
peratures, with the removal dynamics occurring
through fragmentation of the surfactant where the tail
desorbs initially followed by the steroid group. A more
effective approach for surfactant removal based on
thermal oxidation is presented, which leads to com-
plete removal of the surfactant. The method is shown
to be applicable to on-substrate SWCNTs and their
subsequent use in electronic devices, revealing doping
of the SWCNT by the surfactant and no appreciable
reduction of the field-effect mobility due to the
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surfactant. This result can likely be extended to arange
of surfactants, as other surfactants used for DGU are
organic, with many of them being cholates very similar
to STDC. More generally, the surfactant removal

METHODS

Material Preparation. The commercially produced material
(CVD-grown SWCNTs purchased from Cheap Tubes, Inc.) was
suspended in a 1% STDC aqueous solution using ultrasonica-
tion. This solution was then centrifuged at low power (3 h at
12000 rpm) to remove impurities. To sort the SWCNTs by
electronic type, the top 2/3 of the centrifuged solution was
then concentrated using a second ultracentrifugation step (18 h
at40 000 rpm), followed by density-gradient ultracentrifugation
in an Optiprep density-gradient medium (18 h at 40 000 rpm).
The as-purchased material is labeled AP, the suspended ma-
terial after first sonication in liquid is labeled FS, and the material
after the first ultracentrifugation step is labeled UC.

Samples were then prepared for thermogravimetric anal-
ysis, mass spectroscopy temperature-programmed desorption,
and Raman spectroscopy by dropping close to 5 mg of con-
centrated suspension, prior to DGU, into alumina crucibles.
These were baked at 200 °C for 5 min to remove excess water,
leaving behind 0.3—2.9 mg of material. Samples for Raman
spectroscopy were also prepared by dropping dilute material
on a Si wafer for comparison with the material in the crucibles.

Thermogravimetric Analysis. TGA was performed in oxidizing
conditions from room temperature to 1000 °C at a rate of
3 °C/min. Then, 1-20 mg of SWCNT suspensions was loaded
into alumina crucibles and preheated to 270 or 380 °C for
10—20 min to evaporate most of the water, leaving 0.2 to 3 mg
of residue. TGA was performed using a Mettler Toledo TGA/DSC
1 thermogravimetric analyzer. Air was used as the oxidizing gas
with Ar used to dilute the oxygen concentration. The gas flow
was maintained at 40 mL/min. Mass spectroscopy during the
TGA experiment was performed with a Pfeiffer Vacuum Ther-
moStar GSD 301 T2 mass spectrometer.

Temperature-Programmed Desorption. TPD was performed in a
vacuum furnace (base pressure <5 x 10~° Torr) from room
temperature to 1100 °C at a rate of ~3 °C/min. SWCNT suspensions
were prepared as described in TGA methods above. Mass spectros-
copy during the TPD experiment was performed with a Stanford
Research System (SRS) 300 quadrupole residual gas analyzer.

Raman Spectroscopy. Samples were illuminated using a
532 nm YAG laser at a power of ~30 mW, focused with a 50x
objective. The back-scattered light was collected, filtered with a
Semrock edge filter, and dispersed onto a liquid-nitrogen-
cooled CCD detector using 600 and 1800 groove/mm gratings.

Device Fabrication and Analysis. Back-gate field-effect transistor
(FET) devices with channel lengths L ~ 1—2 um were fabricated to
investigate electrical transport behavior as a function of oxidation
and subsequent annealing. After density-gradient ultracentrifuga-
tion sorting, the primarily semiconducting SWCNTSs were spin-cast
at 2000 rpm onto 90 nm SiO./Si (p*-doped) substrates that had
been treated with APTES. Next (for the oxidized devices), the
SWCNTs on SiO,/Si substrates were oxidized in air at 500 °C for
10 min. Then photolithography was used to pattern the source
and drain contacts, followed by e-beam evaporation of ~0.5 nm
Ti/40 nm Pd and liftoff. Here the p* Si substrate serves as the global
back-gate. Subsequent annealing steps at 225 °C for 10 min and
600 °C for 20 min were carried out in vacuum (~9 x 10~° Torr) for
the oxidized devices. A single annealing step at 600 °C for 20 min
was carried out in vacuum for the as-deposited devices. FET
threshold voltages were obtained by averaging the threshold
voltages from the two branches of the hysteresis curve.
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