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ouble-wall carbon nanotubes (DWNTs)

are part of the nanotube family that

present intriguing properties, such
as unidimensional electronic bands and an
excellent ability to transport electrical
current.! They are the simplest form of
multiwalled carbon nanotubes (MWNTs),
which makes them ideal objects to shed
light on fundamental questions related to
interwall couplings,®* repartition of elec-
trical current,>* 8 and energy or charge
transfer processes between walls.”'® Their
coaxial geometry also offers new opportu-
nities because the inner wall is contained in
a protected environment'' while the outer
wall can be exploited for self-assembling or
sensing purposes. Addressing systemati-
cally these premises demands the ability
to identify the electrical nature of both
walls and also to probe each wall selectively.
Among the existing characterization techni-
ques, transmission electron microscopy (TEM)
and resonant Raman spectroscopy are the
most powerful to identify single DWNTs.
First, TEM allows identification of the chir-
ality of each wall of an individual DWNT,
either by electron diffraction'*'* or high-
resolution imaging.'* However, exposure to
the electron beam is considerably destruc-
tive for the samples. Moreover, combining
sample manipulation for TEM with transport
techniques is challenging.'>'® Second, reso-
nant Raman spectroscopy allows research-
ers to selectively probe and characterize
each wall of an individual DWNT,""'® but it
requires the use of many laser lines or tun-
able lasers in order to meet the resonant
excitation energy of each wall. Third, density
gradient ultracentrifugation of DWNTs in
surfactants allows sorting by outer wall
electronic type, but the inner walls still
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ABSTRACT Double-walled carbon nanotubes (DWNTs) present an original coaxial geometry in
which the inner wall is naturally protected from the environment by the outer wall. Covalent
functionalization is introduced here as an effective approach to investigate DWNT devices. Performed
using an aryldiazonium salt, the functionalization is reversible upon thermal annealing and occurs
strictly at the surface of the outer wall, leaving the inner wall essentially unaltered by the chemical
bonding. Measurements on functionalized DWNT transistors show that the electrical current is
carried by the inner wall and provide unambiguous identification of the metallic or semiconducting
character of both walls. New insights about current saturation at high bias in DWNTs are also
presented as an illustration of new experiments unlocked by the method. The wall-selectivity of the
functionalization not only enables selective optical and electrical probing of the DWNTs, but it also
paves the way to designing novel electronic devices in which the inner wall is used for electrical
transport while the outer wall chemically interacts with the environment.

KEYWORDS: double-walled carbon nanotubes - covalent functionalization -
field-effect transistors - wall properties identification - reversibility

exhibit a mixture of properties.'® Thus, all of
these techniques are either partial or re-
quire advanced experimental setups that
are not readily available in most labora-
tories. Yet, none of these methods is well
suited to investigate selectively the electri-
cal properties of each wall.

Here, we introduce the use of covalent
functionalization with aryldiazonium salts in
order to study electronic phenomena occur-
ring in DWNTs. Our strategy takes advan-
tage of the coaxial geometry of DWNTs to
chemically modify the outer wall while
keeping the inner wall unaffected. By mea-

suring the properties of pristine, functiona- ~ *Address correspondence to

lized, and defunctionalized DWNTSs, we are
able to demonstrate selective probing of
the nanotube walls. This methodology has
many advantages: it is simple, inexpensive,
sensitive to any nanotube chirality, and
mostly reversible. Using this method, we
demonstrate that both the inner and outer
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walls can transport electrical current with similar in-
tensities at finite bias, and that their electrical character,
metallic or semiconducting, can be independently iden-
tified. Moreover, we show that field-effect transistors
made of functionalized DWNT channels can operate

p-DWNT '
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f-DWNT ’l

Anneal 1

d-DWNT '

Figure 1. Sketch of the methodology based on covalent
functionalization. A pristine DWNT (p-DWNT) is shown on
top in blue. Covalent addition of chemical groups forms a
functionalized DWNT (f-DWNT), illustrated in the middle in
red. Thermal annealing leads to a defunctionalized DWNT
(d-DWNT) on bottom in green. The color code for the three
states is kept throughout this paper. Enlarged section:
atomistic representation of a DWNT covalently functiona-
lized using a 4-bromophenyldiazonium reaction.

with transport characteristics similar to those of single-
walled carbon nanotube (SWNT) devices. Finally we apply
this method to study the phenomenon of current satura-
tion at high bias in DWNTs. We show that the inner wall
exhibits current saturation when inside the functiona-
lized outer wall, leading to new insights on the under-
lying carrier velocity saturation mechanism.

RESULTS AND DISCUSSION

Methodology. Pristine DWNTSs (p-DWNTSs) were synthe-
sized by chemical vapor deposition®® and are studied
here either in thin film networks or individually as field-
effect transistor devices. In both cases, the procedure
schematized in Figure 1 was followed. First, functiona-
lized DWNTs (f-DWNTs) are formed by the covalent
bonding of chemical groups on the sidewall. Second,
the f-DWNTs are annealed, forming thermally defunc-
tionalized DWNTSs (d-DWNTs). In this work, a diazonium
salt reaction is used, leading to grafting of 4-bromo-
phenyl groups,?' as illustrated in the enlarged part of
Figure 1. This functionalization was chosen because it is
known to drastically decrease the conductivity® and
the optical response?® of SWNTSs, and also to be mostly
reversible upon annealing at 500 °C.**

Wall-Selectivity of the Functionalization. Itis first relevant
to confirm that the functionalization of DWNTSs occurs
only on the outer wall and is mostly reversible. In order
to do so, absorption spectra of a DWNT thin film are
acquired in pristine, functionalized and defunctiona-
lized states, as presented in Figure 2a. Data from the
pristine state shows a set of peaks in the optical range
of 1000—2500 nm. The large peak centered around
2000 nm is associated to the first optical transition of
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Figure 2. (a) Absorption spectra of a DWNT thin film in pristine (p-blue), functionalized (f-red), and defunctionalized (d-green)
states. Regions of the spectra are assigned either to the first optical transition of the outer (ESYT) or of the inner (E}}) walls of
the DWNTSs. Minor contributions of the first optical transition of SWNTs (E3") and of the second optical transition of the outer
wall of DWNTs (E%UT) are also indicated. (b) Raman spectra of an individual DWNT in the pristine (p-blue), functionalized
(f-red), and defunctionalized (d-green) states, in the range of RBM and G modes. Spectra are vertically shifted for clarity. Peaks
are assigned to the outer (OUT) or the inner (IN) wall of the DWNT, or to the SiO, substrate.
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the semiconducting outer walls (E{Y").2> The other
peaks in the range of 1000—1750 nm can be mostly
related to the first optical transition of semiconducting
inner walls (EN), but also to the first optical transition of
residual semiconducting SWNTs (E3Y) and to the sec-
ond optical transition of semiconducting DWNT outer
walls (ESYN).2° Those last two contributions are known
to be less intense than the first one, due to the smaller
concentration of SWNTs (18% in pristine sample)*® and
because the response of the second optical transition is
lower than the first one. After functionalization of the
film, the EST peak greatly diminishes while the rest of
the spectrum is much less affected. Considering that
the loss of optical response is attributed to the grafting
of phenyl groups,® the functionalization must occur
only on the outer wall of DWNTs. The inner walls are
therefore unaffected by the reaction, in agreement
with previous experiments performing fluorination
or oxidation of DWNTs.>> "2’ The small decrease of
intensity observed for the other peaks can be ex-
plained by the minor contributions of ESY and ESYT,
which are both expected to be affected by the
functionalization. Moreover, the defunctionalized
spectrum is superposed over the pristine one, there-
fore showing a good level of reversibility for this
functionalization.

A similar trend is observed with individual DWNTs
using resonant Raman spectroscopy. Figure 2b shows
spectra taken at 633 nm in the radial breathing modes
(RBM) and in the in-plane optical modes (G modes)
regions of an individual DWNT in pristine, functiona-
lized, and defunctionalized states. In the RBM region
(100—300 cm™ "), the pristine spectrum shows two
peaks. Since RBM frequency depends inversely on the
diameter,?® these are attributed to the inner wall
(210 cm™") and the outer wall (145 cm™"). The peak
measured at 300 cm ™' is due to the SiO, substrate and is
used for calibration purpose. Further details on the
Raman analysis are provided in the Supporting Informa-
tion. After functionalization, the RBM peak from the
outer wall completely vanishes while the response of
the inner wall is preserved, although a small upshift is
noted in its frequency. All peaks are restored in the
defunctionalized state, in particular the RBM peak from
the outer wall has regained most of its initial height. In
the G mode region (1500—1650 cm "), the pristine
spectrum shows four peaks, the two highest are as-
signed to the G components of each two walls and the
two lowest to the G~ ones.'”??° The G~ component
frequency is known to decrease with decreasing dia-
meter, and its line shape is strongly dependent on the
metallic or semiconducting character of the
nanotube.?®*? The wide peak observed at 1540 cm ™'
is thus attributed to a small metallic wall and the thin
peakat 1575 cm™ ' to a large semiconducting wall. After
functionalization, the G~ component of the outer wall
disappears along with one of the G* modes, leaving the
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Figure 3. (a) Electrical current in an individual SWNT device
as a function of drain voltage, in pristine (p-blue) and
functionalized (f-red) states. Gate voltage is —15 V. (b) Same
as in panel a for a DWNT device. (c) Distribution of current
loss ratios calculated for all 26 SWNT devices following
covalent functionalization. (d) Same as panel c for all 41
DWNT devices.

two G modes of the inner wall intact. Again, the peaks
from the outer wall reappear almost fully in the defunc-
tionalized state. All of these optical measurements
converge to demonstrate that functionalization attacks
only the outer wall, killing its optical response in the
process. Covalent functionalization can therefore be
used to isolate the signal from the inner wall. Moreover,
the good reversibility of the reaction allows one to
isolate and compare the properties of each wall without
losing at the end the pristine properties of the DWNT.

Electrical Transport of Both Walls. The same methodol-
ogy is then used to study electrical properties of
individual DWNTs in field-effect transistor devices.
For means of comparison, the study is also per-
formed on individual SWNTs. Diameter measurements
acquired using atomic force microscopy are used to
reject large bundles, as well as residual SWNTs present
in the DWNT samples. Devices showing very small
currents in the pristine state are also removed from
this study. Electrical measurements are performed on
26 individual SWNT devices and 41 individual DWNT
devices. In these measurements, gate voltage is fixed at
—15 V in order to allow conduction in the semicon-
ducting channels as well as in the metallic ones. Figure
3a presents electrical current as a function of
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Figure 4. Electrical current in individual DWNT devices in the pristine (p-blue), functionalized (f-red), and defunctionalized
(d-green) states as a function of gate voltage. Drain—source voltage is 10 mV. Three electrical signatures are distinguishable
and assigned to the following electrical combinations: (a) S@S, (b) S@M, and (c) M@S/M@M. See text for more details on this

assignation.

drain—source voltage for a typical SWNT device in
pristine and functionalized states. The pristine curve
shows current increasing to several microamps. Func-
tionalization of the SWNT device has a dramatic effect,
with a current reduction of more than an order of
magnitude, which is consistent with past
studies.>>?*3° Theoretical work has ascribed such a
current loss to an increase of backscattering due to
quasibound states induced by defects3' In compar-
ison, the same measurement is presented in Figure 3b
for a typical DWNT device. In the pristine state, the
current is higher but comparable to the one presented
for the SWNT. The effect of functionalization of DWNTs
is however quite different: the current is reduced by
approximately a factor of 2, which is considerably less
than in the case of SWNT, and the residual current is
comparable to the current carried by the pristine
SWNT.

Statistical analysis of all the SWNT and DWNT mea-
surements is performed by calculating the current loss
ratio, that is, the pristine current divided by the func-
tionalized current at 1V bias. Figure 3 panels (c) and (d)
present the distribution of current loss ratios obtained
respectively for SWNT and DWNT devices. Dispersion in
both distributions is due to heterogeneities of the
nanotube properties and to the selectivity of the
reaction. In the case of SWNT, functionalization is
shown to cause a modal current loss of 1 to 2 orders
of magnitude. The current loss is considerably smaller
for the DWNT devices, with a ratio of only 1 to 5.

Considering that the functionalization decreases
the SWNT conductivity by more than 1 order of
magnitude, and that it occurs only on the outer wall

BOUILLY ET AL.

of DWNTs (as demonstrated earlier with optical
measurements), the residual conductivity of functio-
nalized DWNTs can be safely attributed to the inner
wall. This proves unambiguously that the inner wall can
transport electrical current, which complements pre-
vious measurements on DWNT networks.>> Moreover,
the magnitude of the current loss in the case of a
functionalized DWNT, by a factor between 1 and 5,
suggests that the amount of current transported by
both walls is similar. Our work thus allows for the first
time the isolation of the electrical response of the inner
wall of a DWNT and demonstrates that functionalized
DWNT transistors can operate with a good level of
current flowing through the inner wall.

Characterization of Electrical Combinations. Finally, elec-
trical measurements as a function of gate voltage are
explored for all the DWNT devices, in pristine, func-
tionalized, and defunctionalized states, with a small
source—drain voltage (10 mV). Three distinct electrical
signatures are observed in those characteristics. The
first one (Figure 4a) is easily recognizable by a strong
modulation (i.e., by several orders of magnitude) of the
current upon variation of gate voltage, in pristine as
well as functionalized and defunctionalized states.
Considering that the current measured for a func-
tionalized DWNT is due to the inner wall, such a
modulation in this state indicates the presence of a
semiconducting inner wall. Moreover, since the pris-
tine and defunctionalized states also show strong
modulation resulting from both the inner and outer
walls, the outer wall must also be semiconducting. This
signature is thus assigned to a combination of two
semiconducting walls (S@S).
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Figure 5. Distribution of all 41 DWNT devices in the three
different electrical signatures. Black is for experimental
measurements and gray is for the expected theoretical
distribution (*/, of S@$, */5 of S@M, and 3/, of M@S-+M@M).

The second signature (Figure 4b) also shows strong
modulation in the functionalized state, but no mod-
ulation in the pristine and defunctionalized states. As
for the latter case, the strong modulation in functiona-
lized state identifies the inner wall as semiconducting.
However, the absence of modulation observed in its
pristine state requires the presence of a metallic outer
wall. In this case, the constant current flowing in the
metallic wall masks the modulation due to the inner
wall in the logarithmic scale. This signature is thus
assigned to a semiconducting core inside a metallic
wall (S@M). This combination of properties is particu-
larly interesting since this device can be switched from
metallic to semiconducting character by a simple
chemical reaction, and reverted to metallic character
using annealing, as shown in the defunctionalized
state.

The third and last signature (Figure 4c) shows no
current modulation in any of the three states. The
absence of modulation in the functionalized state
indicates the presence of a metallic inner wall. How-
ever no conclusion can be extracted concerning the
outer wall because the constant current contribution
from the metallic inner wall masks the possible mod-
ulation of the outer wall. This signature can thus be
assigned to either a metallic core inside a semicon-
ducting wall (M@S) or a combination of two metallic
walls (M@M).

To the extent of available laser lines, these assigna-
tions have been independently corroborated using
resonant Raman spectroscopy (see Supporting Infor-
mation). Moreover, the statistical distribution of elec-
trical combinations follows what is theoretically ex-
pected. Since a random distribution of single-walled
carbon nanotubes is composed of two-thirds of semi-
conducting and one-third of metallic species, combin-
ing two walls into forming a DWNT gives '/ of
M@M, /5 of M@5, %/ of S@M and */4 of S@5. Figure 5
shows the distribution of the observed and predicted
electrical distributions. Both are similar, which indicates
first that the wall combinations indeed follow the
random distribution of metallic and semiconducting

BOUILLY ET AL.
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Figure 6. Current saturation in an individual metallic DWNT
device in ambient conditions. (a) Drain—source current
observed in pristine (p-blue), functionalized (f-red), and
defunctionalized (d-green) states as a function of
drain—source voltage. Gate voltage is —15 V.

(b) Experimental resistance for each three states as a func-
tion of drain—source voltage. Black lines are fits of eq 1 on
the high bias data. (c) Values of I, and Ry, extracted from the
fit for pristine (p), functionalized (f), and defunctionalized
(d) states.

species, and second that the classification proposed
here based on electrical signature is appropriate. The
process presented in this report is therefore an efficient
way to identify the electrical combination of walls
forming a DWNT. Moreover, the method is mostly
reversible, since only a small current loss is observable
in defunctionalized curves compared to pristine ones.
This loss is consistent with previous experiments on
SWNTs and attributed to a small accumulation of lattice
defects following the defunctionalization process.®*
Nevertheless, the electrical signatures are clearly re-
stored, as illustrated in Figure 4. Finally, the method is
simple to use and has the great advantage of being
effective with any chirality.

Case Study: Current Saturation at High Bias. The method
introduced here can be used to gain new insights on
electronic phenomena occurring in carbon nanotubes.
For example, electrical current flowing in carbon
nanotubes is known to undergo saturation when enter-
ing a high bias regime, both in SWNTs**7** and
MWNTSs.”8 This effect is generally ascribed to a satura-
tion of the drift velocity of carriers due to backscatter-
ing by hot optical phonons, which is a mechanism
activated only at high bias.3*3” This phenomenon can
be further explored in double-walled carbon nano-
tubes using the approach of covalent functionalization
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described before. Figure 6a presents the electrical
current flowing in an individual DWNT as a function
of drain—source voltage, in pristine, functionalized,
and defunctionalized states, with a gate voltage
of —15 V. This DWNT was characterized as having a
metallic inner wall (M@S or M@M) (see Supporting
Information for detailed characterization) and presents
excellent electrical properties, with low contact resis-
tance and a clear current saturation at high bias in all
three states of functionalization. In particular, the
electrical response of the functionalized DWNT shows
that current saturation occurs in the inner wall even
when inside the functionalized outer wall.

Current saturation can be described using a simple
two-variable model proposed by Z. Yao et al,* in
which the resistance R goes as

R:R0+V//0 (1)

where V is the applied voltage, I, is the saturation
current, and Ry is the zero-bias resistance of the nano-
tube. The DWNT experimental resistance, calculated by
dividing the voltage by the current for each data point
in Figure 64, is shown in Figure 6b for pristine, functio-
nalized, and defunctionalized states. When drain—source
voltage exceeds 1 V, the resistance shows a linear
behavior, on which a regression of eq 1 is performed,
leading to adjusted values of I, and R, for all three
states (see table in Figure 6c). All zero-bias resistances
Ro are as low as several tens of kOhms, which is very
good for an individual nanotube device. Ry increases
significantly between pristine and functionalized
states, probably due to the wall-to-wall barrier
for carrier injection. After defunctionalization, R,
decreases but remains higher than in the pristine state.
The Iy behavior is different: saturation currents are
roughly equivalent for the pristine and defunctiona-
lized states, respectively 52 £+ 1 ¢A and 54 & 1 uA, and
drop to 17.0 = 0.1 A in the functionalized state.
These measurements lead to original perspectives
about the current saturation phenomenon. First, the
increase of zero-bias resistance between pristine and
defunctionalized states is consistent with previous
experiments on the reversibility of the reaction, which
reported small accumulations of defects.?* The absence

EXPERIMENTAL DETAILS

Fabrication of DWNT Films. Catalyst-free pristine DWNTs were
refluxed in a 10% v/v HNOjs solution for 4 h followed by filtration.
A subsequent reflux was done in ultrapure water (18.2 MQ.cm)
for 2 h, followed by filtration. The nanotubes were then
dispersed in an aqueous solution of sodium cholate 1% w/v
by sonicating in a bath. The dispersion was ultracentrifuged at
5000g (5400 rpm) for 1 h and the upper 80% supernatant was
collected. Films were made by vacuum filtration of this solution
and then transferred on a quartz substrate. The samples were
annealed at 800 K for an in situ oxidation treatment and
reheated at 1073 K in vacuum to ensure complete removal of

BOUILLY ET AL.

of Iy variation is also expected considering that the
origin of current saturation is related to phonon inter-
action rather than scattering on defects. Second, in
functionalized state, the inner wall saturation current
(17 uA) is close, although lower, to the 25 1A generally
assumed for a SWNT in the literature.* Also, the max-
imum current of the whole DWNT is more than twice
the current saturation of the inner wall, suggesting that
the electrical properties in DWNTs are overall more
complex than the sum of two equal contributions from
each wall. These observations are compatible with the
diameter dependent saturation behavior reported
elsewhere®® and suggest additional contributions to
the phonon scattering mechanism presented by Z. Yao
et al®® Last, the inner wall is observed to undergo
current saturation without defunctionalizing the outer
wall, a process that is known to take place at around
600 K38 This allows us to conclude that the whole
nanotube is not significantly heated during saturation.
Since the saturation mechanism is expected to generate
an out-of-equilibrium population of optical phonons,*”
this new information is significant to the understand-
ing of the thermalization path of these hot phonons in
the nanotube lattice and environment. Overall, these
measurements illustrate the uniqueness and capability
of our approach for investigating complex transport
phenomena in double-walled nanotubes.

CONCLUSION

The method introduced here provides wall-selective
probing of DWNTs, thereby allowing a direct determi-
nation of the wall properties. Covalent functionalization
is revealed as a powerful technique to explore funda-
mental electronic phenomena in DWNTSs, such as inter-
wall couplings, current repartition between walls or
velocity saturation of carriers. This method is general
and can be applied to other systems such as MWNTs
and layered graphene devices. Moreover, beside the
aryldiazonium salt reaction, the approach can be gen-
eralized to many other covalent functionalization
schemes. Since our findings indicate that the inner wall
is electrically active, functionalized DWNTs appear as a
promising building block for assembling novel elec-
tronic devices with well-defined chemical functions.

surfactant and leftover residues from the deposition process.
This last step also eliminated unintended doping by prior acidic
and oxidation treatments. Finally, TEM images of the films were
acquired to ensure the DWNT cleanness.

Fabrication of Individual SWNT and DWNT Field-Effect Transistors. All
devices were fabricated using solution-based deposition of
carbon nanotubes on a prepared surface followed by deposi-
tion of patterned metallic electrodes on top.>® For SWNT
devices, raw carbon nanotubes synthesized using a laser abla-
tion method*® were first purified by a reflux in nitric acid (10%
by volume for 24 h) followed by a reflux in water for 2 h. Purified
SWNTSs were then suspended in dimethylformamide (DMF), and
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the suspension was centrifugated and sonicated in a bath to
decrease the concentration of SWNT bundles. For DWNT de-
vices, nanotubes synthesized by chemical vapor deposition®®
were used after removal of catalyst using HCl, and dispersed in
1,2-dichloroethene (DCE) by sonication. The suspension was left
for decantation for 2 weeks, and the supernatant was collected.
In both cases, 100 nm SiO,/n* Si wafers were used as a
substrate. For SWNTs, the SiO, surface was functionalized using
a piranha solution treatment followed by an aminosilane (APTS)
vapor exposition, in order to have carbon nanotubes to adhere
to the surface.*’ Note that a piranha solution reacts violently
with organic materials and should be handled with extreme
caution. For DWNTs, wafers were RCA cleaned. In each case,
drops of the solution were deposited by spin-coating on the
substrate, aligning in the process the nanotubes radially in
direction of the liquid flow. Solution concentration and number
of drops were adjusted so as to isolate nanotubes on the
substrate. For SWNTs, additional drops of DCE were deposited
by spin-coating in order to rinse and dry. For DWNTs, substrates
were washed for 1 min in acetone by sonication at low power in
order to remove amorphous carbon residues and larger bun-
dles, and were subsequently rinsed in ethanol and dried in a N,
stream. After deposition, electrodes were defined by optical
lithography and deposited using e-beam evaporation of
0.5 nm Ti and 20 nm of Pd, followed by liftoff. Last, an annealing
in vacuum at 550 °C was performed. Atomic force microscopy
(AFM) imaging was systematically performed on all devices in
order to ensure that only invidual carbon nanotube devices
were used for the study. Note that small bundles of carbon
nanotubes are difficult to distinguish from individual ones using
AFM. Therefore, some of those small bundles may remain,
which does not affect the conclusions since they are expected
to be affected similarly by the functionalization process.

Covalent Functionalization Process. Ultrapure water was first
deoxygenated and its pH was adjusted to ~9 using sodium
hydroxide. Afterward, 4-bromobenzene diazonium tetrafluoro-
borate was dissolved to obtain a 2 mM solution. Such a high
concentration of reactants was used in order to prevent any
selectivity of the grafting reaction with wall chirality or dia-
meter. The substrates were then immediately immersed in the
mixture and allowed to react for 10 min at room temperature.
The substrates were subsequently rinsed with ultrapure water
and diethyl ether.

Defunctionalization Process. Annealing of the samples was
performed in vacuum at 770 K at a pressure below 5 x 107>
Torr. The temperature was maintained for 45 min, then cooled
slowly to room temperature before breaking the vacuum.

Absorption Spectroscopy Experiments. Optical absorption spectra
were acquired under rough vacuum with a Briiker Vertex 80v
Fourier transform spectrometer equipped with a liquid nitrogen
cooled MCT detector. A CaF, beamsplitter and a tungsten
source were used, along with an aperture size of 0.5 mm, a
resolution of 4 cm ™" and a scanning frequency of 20 kHz; 1024
scans were accumulated for each spectrum. The open beam
was taken as the reference spectrum I, and sample spectra /
were acquired at different spots on the slide, as defined by a
2 mm opening in front of the sample. Absorbance was then
computed as A = —log(//lp). The spectrum from the quartz
substrate was subtracted from the sample spectra to remove
bands pertaining to the substrate. The final spectrum is the
result of the averaging of seven different spots on the sample to
attenuate the effect of film inhomogeneities.

Raman Spectroscopy Experiments. Raman measurements were
performed on a high performance Raman spectroscopy setup*?
with fixed laser lines at 488, 532, 632.8, and 785 nm. The setup
allowed horizontal displacements of the sample by 25-nm
steps, and the laser spot size was between 500 and 800 nm.
Measurements were performed on individual DWNT field-effect
transistors (described above) with electrode separation of at
least 1 um. The sample position was adjusted so as to align the
laser polarization parallel to the DWNT and to center the laser
spot between the two electrodes. Spectra were acquired in the
RBM region (~125 to ~800 cm™') and the D and G band regions

(~1200 to ~1700 cm ") with a precision of +1 cm .

BOUILLY ET AL.

Electrical Transport Experiments. Transport measurements were
performed with an ambient probe station using tungsten
probes at room temperature. Current and voltage data were
acquired using an Agilent B1500A semiconductor parameter
analyzer.
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