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Abstract

Diazo functionalization is a chemical method that changes the conductance of metallic single-walled carbon nano-
tubes (SWCNTs) by disrupting the C-C double bonds. Its application to native mixtures of metallic and semiconducting
SWCNTs is a promising way of large-scale production of semiconducting SWCNTs for use in electronics. This has been
well studied on isolated SWCNTs, but the implications on the conductivity of SWCNT materials are still unclear. Here,
we study the conductivity of such functionalized SWCNT films with a progressively decreased metallic/semiconducting
ratio in a wide range of temperatures (4-300 K) to unravel the charge transport mechanisms of metallic and semicon-
ducting SWCNT subnetworks to show how these components participate in the total conductivity of the films. At low
functionalization degree (below 0.2 mol%), the conductivity is dominated by a subnetwork of metallic SWCNTs through
two parallel mechanisms: a Luttinger liquid mechanism and a Variable Range Hopping process. Higher functionalization
(over 0.4 mol%) destroys the Luttinger liquid mechanism, and a second parallel Variable Range Hopping process arises,
attributed to the conduction through the semiconducting SWCNTs. At these high functionalization degrees, the SWCNT
film behaves as a material with the desired semiconducting properties.

Graphical abstract

We studied the conductivity of chemically functionalized Single Walled Carbon Nanotube films with a progressively
decreased metallic/semiconducting ratio in a wide range of temperatures (4-300 K) to unravel the charge transport
mechanisms of metallic and semiconducting SWCNT subnetworks to show how these components participate in the
total conductivity of the films.
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1 Introduction

Single-wall carbon nanotubes (SWCNTs) have been identi-
fied from their discovery as a promising material for elec-
tronics. On the one hand, their peculiar electronic struc-
ture provides high charge carrier mobility. On the other
hand, SWCNTs are also attractive for their low weight,
heavy-metal-free composition, and high flexibility, open-
ing ways for new kinds of electronic devices on new sub-
strates such as transparent plastics, stretchable films,
papers or textile fibers. In such applications, low cost is
an important prerequisite. SWCNTs can meet the needs
of low cost fabrication because SWCNT growth cost has
considerably dropped with increasing production vol-
ume [1, 2], and because very thin SWCNT films provide
efficient conductors/semiconductors. Besides, these thin
layers can be made by low cost methods such as printing
or spraying on plastic [3, 4], paper [5], or rubber [6]. At the
research level, electronic circuits based on SWCNTs such
as semiconducting transistor channels [7, 8], conductive
leads [9], or both [10] have been described with increasing
performance in the past 20 years. SWCNTs are also widely
used beyond electronics to enhance conductivity in one-
dimensional (1D) [11], two-dimensional (2D) [6, 12], and
three-dimensional (3D) [13, 14] materials up to commercial
development [15].

However, industrial applications of carbon nanotubes
as a semiconducting component lag behind. The first
reason is that multiwall carbon nanotubes, for which
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the development of industrial applications is the most
advanced, do not present a real semiconducting gap
in their electronic structure, and they are mostly used
either as electrical conductors, or in mechanical rein-
forcement. Only SWCNTs show performant semiconduc-
tive behavior. The second reason is that, among SWCNTs,
only 2/3 of the chiralities present the semiconducting
electronic structure (sc-SWCNT) while the other 1/3
has a metallic-type electronic structure (m-SWCNT), so
that sc-SWCNTs have to be separated from m-SWCNTs,
that would entail short-circuits, to take advantage of
their excellent semi-conductive performance. Recent
advances towards applications have been made pos-
sible by intensive research on the separation of SWC-
NTs in metallic and semiconducting pure species. Smart
polymers designed to show a specific affinity for a sin-
gle chirality of SWCNT allow for specific dissolution of
this single chirality in organic solvents [16, 17]. Another
separation method relies on aqueous polymer bipha-
sic systems using the slight hydrophobicity difference
between SWCNT chiralities [18]. Those methods allow
for the preparation of solutions of individual sc-SWCNT
species [19], that found astounding applications in plas-
tic electronics [7], solar cells [20], light emission [21] or
optics [22]. However, such high selectivity separation
can only be obtained with high cost polymers and/or
iterative separation steps, resulting in very dilute and
high price sc-SWCNT solutions. High throughput fabri-
cation of printed electronics requires larger scale and
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lower cost semiconducting materials, and should be less
demanding towards conductivity and purity targets.
Besides, other bulk-material-based applications would
benefit from sc-SWCNTs at large scale, such as thermo-
electric generators [23] and devices, for which doped
SWCNTSs [24] and SWCNT-polymer composites [25] show
a high efficiency.

Alternatively, we proposed a non-separative method
to tune the semiconducting behavior of a native m-/sc-
SWCNT mixture by using diazo coupling on SWCNTs in
aqueous solution [26, 27]. This method takes advantage
of the difference in SWCNT chemical reactivity as a func-
tion of chirality, m-SWCNTs being more reactive than sc-
SWCNTs towards covalent functionalization with diazo
reagents. As covalent bonds disrupt the local electronic
structure of the SWCNT [28], a high level of functionaliza-
tion reduces its electrical conductivity. The diazo reagent
and the reaction conditions were engineered to enhance
as much as a factor of 100 the reaction rate on m-SWCNT
compared to sc-SWCNT, so that all accessible m-SWCNTs
can be functionalized selectively. The resulting unsepa-
rated material provides a proper semiconducting mate-
rial, as we showed previously for field-effect transistor
(FET) channels [4]: compared to pristine SWCNTs FETs,
optimized functionalized SWCNT FETs show improved
performances (increase of the lon/loff ratio by 500)
whereas the mobility remains similar.

Studies on diazo coupling to SWCNT give a quite
accurate picture of the chemical structure of the mate-
rial at the molecular level [26, 28-32]. The impact of
covalent functionalization on the electronic structure of
individual SWCNTs has been experimentally measured
operando [33, 34] and their mesoscopic conductance
modelled by numerical simulations [35]. Besides, the
contact resistance of carbon nanotube crossings was
investigated in single interconnections [36-40].

Yet for potential electronic applications of functional-
ized SWCNTs, it is the behavior of macroscopic materials
that is crucial. It is important to know to what extent
the charge transport in these materials has the desired
semiconducting properties. The percolation behavior in
films of m- and sc-SWCNT at room temperature was the
subject of numerous experimental and numerical stud-
ies [41, 42] from this point of view. A powerful tool to
determine the charge transport mechanism in materi-
als is the study of the temperature dependence of their
conductivity, since different mechanisms induce dis-
tinct characteristic features. The impact of different m/
sc SWCNT concentrations on the conductivity tempera-
ture dependence o(T) of the resulting material has been
studied in a few papers which varied the m/sc ratio by
mixing sorted m- and sc-SWCNTs species [43-46]. These

results mostly found that the electronic transport in sc-
SWCNT unaligned networks is dominated by hopping.

In spite of the progress made by these works, it is still
not clear how the m- and sc-components participate in the
total conductivity in functionalized native mixtures when
the m/sc ratio is progressively decreased by chemical mod-
ification and at which value of this ratio the material can be
considered semiconducting. A possible approach to solve
this problem is to study the conductivity mechanisms of
progressively diazo functionalized pristine SWCNTs. The
present work relies on low temperature o(T) measure-
ments coupled to conductivity mechanism modelling
to enlighten the underlying conductivity mechanisms in
SWCNT films as a function of the functionalization degree.
Since different mechanisms are expected for m- and sc-
SWCNTs, their relative weight evolution enables to identify
and to quantify the m- and sc-SWCNTs contributions to the
total o(T) for different chemical functionalization degrees
and thus to describe the progressive transformation of the
m/sc mixture to a material with the requested semicon-
ducting properties.

2 Experimental methods
2.1 SWCNTs film preparation

SWCNTs (arc discharge) were functionalized by reac-
tion with the nitrophenyldiazoether of ascorbic acid, the
most selective reagent towards m-SWCNTs, following the
processes established in our previous work [4, 27]. The
diazoether was added to SWCNTs dispersed in water with
a cationic surfactant, and then rinsed before spraying. We
chose 4 different diazoether/SWCNT molar ratios from 1.8
to 22% (labeled F1 to F4 in Fig. 1) to span the range from
low to high SWCNT functionalization yield.

More precisely, pristine SWCNTs (Carbon Solutions
Inc.) were dispersed (5 g/L) in an aqueous solution of
hexadecyltrimethylammonium bromide (CTAB, 0.2%)
by sonication, and centrifuged (60,000g, 20 h). The 20%
bottom part, where the agglomerated SWCNTs concen-
trate, was removed, and the top solution was diluted to
a final concentration of 0.2 g/L and buffered to pH 1 by
adding phosphoric acid (100 mM). This SWCNT solution
was treated with diazoether as follows: 4-nitrobenzenedi-
azonium tetrafluoroborate (0.4 mmol) and ascorbic acid
(0.44 mmol) were dissolved in cold water (20 mL) and incu-
bated for 1 min to allow for the formation of diazoether. To
100 mL of SWCNT solution was added 1.12 mL, 2.25 mL,
4.5 mL, 13.5 mL, and 0 mL of diazoether solution to pre-
pare samples, labeled F1, F2, F3, F4 and FO, respectively.
After 30 min of reaction, the SWCNTs were precipitated by
adding 100 mL ethanol, filtered and washed with ethanol,
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Fig. 1 Characterization of SWCNT samples as a function of func-
tionalization degree. A: Background-subtracted absorption spec-
tra of the SWCNTSs in solution, showing the van Hove peaks of the
S,, transition at 1050 nm (triangle, sc-SWCNTs) and of the M,
transition at 730 nm (dot, m-SWCNTs). B: N1s XPS spectra of pris-
tine (grey) and functionalized (red) SWCNTs, showing the NO,

and dispersed in CTAB 0.2% solution. The final SWCNT con-
centration was adjusted to 80 mg/L for spray.

The polyethylene naphthalate (PEN) substrate was first
treated by O, plasma for a better adhesion of SWCNTs.
The substrate was spray-coated at 80 °C with the SWCNT
aqueous dispersion (120 kHz ultrasonic ExacTaCoat spray
coater) through a shadow mask (0.25 ml/min through-
put, 50 mm/s path speed to reduce coffee ring effect).
The substrate was dipped into slightly warm (60 °C) water
for 5 s and rinsed with isopropanol to remove CTAB after
each deposition. The spray deposition was repeated sev-
eral times to obtain an approx. 45 nm-thick film of una-
ligned SWCNTs (thickness within 12% error, see Table S1),
as measured by its light absorption (Absorbance=0.16
at a wavelength of 800 nm, Fig. 2c). Choosing approx.
45 nm as the thickness for all samples allows conductivity

occurrence
AATS SIS ASI SIS S SIS,

Binding energy (eV)

0510 20 30 40 50 60
NT bundle size (nm)

Initial diazoether/CNT (mol%)

peak (pointed by a square) at 406.5 eV: experimental data (dots),
and Gaussian fit (line). C: Changes in SWCNT absorption peaks at
1050 nm (triangles) and 730 nm (dots), and in NO, peak (function-
alization yield) by XPS (squares) as a function of functionalization
extent (initial diazoether/CNT ratio). Labels above the graph define
the corresponding samples

measurements down to a temperature of 4 K even for the
most resistive (highly functionalized) samples. This ensures
a good quality of conductivity measurement and a wide
enough range of temperatures for a proper transport
model interpretation. The transmittance at 550 nm of the
SWCNT films is available in table S1 (see Supplementary
Material).

2.2 Temperature dependence of dc conductivity

To perform the temperature dependence of dc conductiv-
ity measurements, rectangular samples (length and width
approx. 15 and 4 mm, respectively) were cut from the pre-
pared samples. To ensure proper electrical measurements,
gold contacts (200 nm-thick) were deposited on the sam-
ples by using a shadow mask. The electrical measurements
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Fig.2 SWCNT films by spray. A: Scanning electron microscopy (SEM) images of SWCNT films prepared by spray on PEN. B: size histogram of
SWCNT bundles in the film from SEM images. C: Absorption spectra of SWCNT films
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were performed using the standard four-probe method
by a combination of a Keithley 220 current source and
Keithley 6512 electrometer. The distance between the
inner probes was 2.9 mm. The temperature varied from 4 K
up to 300 K using a dynamic helium flow cryostat Oxford
Instruments CF 1200 D. To limit the sample heating during
the measurement, we paid attention to keep the injected
electrical current as low as possible while high enough
to get a clear voltage drop (typically a few mV). Thus, the
dissipated power was kept below a few hundreds of nWs.
In addition, a helium atmosphere with the requested tem-
perature surrounded the sample. This ensured an efficient
sample temperature stabilization thanks to He thermal
convection. At each measurement, the ohmic character
of the resistance was checked. The sheet resistance of the
SWCNT films at room temperature is available in table S1
(see Supplementary Material).

3 Results and discussion

3.1 Functionalization of SWCNT
by nitrophenyldiazoether

The absorption spectra of the SWCNT suspensions (Fig. 1a)
show the extent of functionalization for the 5 samples
FO-F4: the typical van Hove absorption peak of m-SWCNTs
at 690-740 nm (circle) is continuously reduced along the
functionalization. This corresponds to the destruction of
the delocalized electron structure of the SWCNTs due to
the addition of covalent bonds between the carbons of the
SWCNTs and the nitrophenyl moieties. Thanks to the high
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selectivity of the chosen diazoether towards m-SWCNTSs,
the sc-SWCNTs are much less functionalized, as observed
by the low decrease of the corresponding van Hove peak
at 900-1140 nm (triangle). The functionalization yield
could also be measured by XPS (Fig. 1b): the NO, moiety
of nitrophenyl gives a specific signal in the N1s spectrum
at 406 eV (square). As described in our previous studies
[4, 27, 28], this signal rises continuously with the extent
of functionalization, in accordance with the absorption
spectroscopy data (Fig. 1c).

When drying on the surface during the spray deposi-
tion, the SWCNT bundles are arranged in SWCNT ropes
(Fig. 2a), building an entangled network of highways for
electronic transport. These highways are much thinner
(5-30 nm, Fig. 2) than the typical distance between two
interrope contacts (~ 100 nm).

3.2 Conductivity of SWCNT films

Figure 3 shows the measured o(T) curves. The temperature
interval was 4-300 K. The analysis over such a large tem-
perature range (two orders of magnitude) allows for dis-
criminating between the different transport models. In
addition, only few studies focus on the conductivity of
SWCNT materials at temperatures below 10 K, which is of
primary importance to study the behavior when T— 0 K.
To highlight more clearly the limiting 0 K behavior, we rep-
resent our data in double logarithmic scales (Fig. 3a) (the
fits associated with these results will be discussed later).
All curves are monotonically increasing concave functions
of temperature, clearly showing a zero conductivity at
T=0Klimit. Their absolute values decrease with increasing

B 10 . .
X
= 9 o FO
88| + A
S 2|l = F2
gg a F3
gg ° M
u_%—FItS
=
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Fig. 3 Conductivity o (A) and reduced activation energy W (B) as a function of temperature for different functionalization degrees. Continu-

ous lines show the best fits
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functionalization degree mainly at low temperatures as
plotted in Fig. 3a. Monotonically increasing o(T) in SWCNT-
based materials were mainly explained by the following
general electronic transport mechanisms (see e.g. [47-49]
and references therein): the Fluctuation Induced Tun-
neling, the Weak Localization model, the Critical Regime
of the Metal-Insulator Transition (MIT), the Luttinger Lig-
uid, the Simple Thermally Activated Behavior and the Vari-
able Range Hopping. They cover a wide range of o(T)
regimes from the “metallic regime” on the metallic side of
the MIT where, by definition, }%G(T) # 0, to the“insulat-

ing regime” on the insulating side of the MIT where, by
definition, ;ir%a(T) =0.

(i) The Fluctuation Induced Tunneling (FIT), also
known as Sheng’s model [50], describes the con-
ductance between two 3D metallic regions sepa-
rated by thin barriers when temperature-activated
voltage fluctuations across the insulating bar-
rier are taken into account. The conductivity is
expressed as

_Tb
where g, is a constant prefactor, T, and T are char-
acteristic temperatures.

(ii) The Weak Localization (WL) model takes into
account the electron-electron interactions in
weakly disordered metals on the metallic side of
the MIT in the frame of the Anderson model [51].
Weak Localization originates from the quantum
interference of time-reversed paths in electron
transport [49]. At low temperatures, the conduc-
tivity follows

6=60+mT1/2 (2)

where 0, and m are constants.

(iii) The Critical Regime corresponds to the transition
between the metallic and insulating regimes of
o(T). In the frame of the Anderson model, the Criti-
cal Regime occurs when the electron mean free
path is smaller than the correlation length. Then
the conductance follows a power law G o T# with
B between 1/3 and 1 [52].

(iv) A Luttinger Liquid (LL) refers to a correlated ground
state in a 1D metal [53]. The transport through tun-
nel junctions into and out of a Luttinger Liquid, as
well as through a tunnel junction connecting two
Luttinger liquids, is expressed by a power law,
G T% Metallic SWCNTs are 1D conductors and thus
can be considered as LLs. One defect on a SWCNT
divides the SWCNT into two Luttinger Liquids
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separated by a thin tunnel barrier. In this case, the
exponent a depends on the Luttinger parameter g
describing the influence of the Coulomb interac-
tions [54, 55] as

-1
o= —(g ) (3)
2
The charge transport in the insulating regime
of a(T) is mostly described by the two following
mechanisms.
(v) The Simple Thermally Activated Behavior [56] is
expressed by the formula

a
fry X —
0 = 0exp P 4

where g, is a constant prefactor, E, is the activa-
tion energy of the charge transport, and kg is the
Boltzmann constant.

(vi) The Variable Range Hopping (VRH), also known
as Mott model, corresponds to a charge transport
driven by phonon-assisted tunneling between
localized states in disordered materials [57]. The
VRH theory describes the transport between
localized states close to the Fermi level in a disor-
dered structure. The conductivity is approximately
described as

T\"
6 = opexp [—<?°> ] (5)

where g, is a constant, T, is a parameter and the expo-
nent n can be expressed as n = 1/(d+1), where d is the
dimensionality of the transport (n=1/2, 1/3 or 1/4 cor-
responds to 1D, 2D or 3D transport, respectively). The
parameter T, depends on the density of states at the
Fermi level N(E;) and on the charge localization length £
in the disordered material following the relation

TO X —1 ’ 6

&4N (Er kg ©
with kg, the Boltzmann constant. When the Coulomb inter-
actions are taken into account in the 3D case of the VRH
transport, then n = 1/2 instead of 1/4 (Efros-Shklovskii
model) [58].

Since our samples are disordered and undoped thin
films of small bundles of SWCNTs, it is highly probable
that they are on the insulating side of the MIT [49]. This
means that the Sheng’s and the Weak Localization mod-
els, which are on the metallic side of the MIT, can be
eliminated as involved transport mechanisms.
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Regarding the remaining mechanisms (featuring zero
conductivity at the zero temperature limit), we note that,
from the strict mathematical point of view, Eq. 4 is for-
mally equivalent to Eq. 5 if n=1 and similarly, the power
law equations corresponding to the Luttinger Liquid and
Critical Regime are formally equivalent. Thus, we are left
with only two types of mathematical expressions to fit
our results: the VRH-type and the power law.

The conductivity can be further analyzed in the form
of the reduced activation energy [59] W, defined as

dino(T) _7 dinc

W(T) = e
(1= =gt dT

(7)
The study of W(T) proved to be a powerful tool to ana-
lyze the transport mechanisms and the MIT in several
organic materials such as conductive polymers [60, 61],
in carbon nanotubes [49, 62-65] or in carbon nanotube/
polymer composites [66]. As a derivative, W(T) is more
sensitive than o(T) to hidden transport mechanisms.
Besides, using W(T) lowers the number of fitting param-
eters by eliminating the constant prefactor of o(T), thus
making the fitting more reliable. Therefore, we first ana-
lyzed our W(T) data (Fig. 3b) instead of o(T) (Fig. 3a).

In general, at T—0, near the MIT, W(T) is an increasing
function of temperature in the metallic regime, a con-
stant function exactly at the MIT (critical regime, power-
law o(T)) and a decreasing function of temperature in the
insulating regime [59, 60].

In our case, all W(T) curves (Fig. 3b) are decreasing
functions of T as expected from Fig. 3a. Since on the
metallic side of the MIT the reduced activation energy
W should be an increasing function of T, this justifies our
choice not to consider the WL or FIT, which belong to
the mechanisms describing o(T) in the metallic regime,
as possible models in our analysis, at least as a single
mechanism or associated in parallel with any other
mechanism.

The strongest feature of Fig. 3b is an almost linear
behavior at temperatures below 100 K, which is typi-
cal of a VRH mechanism for which log (W) = constant—n
log (T) (following Eq. 5). It shows that a VRH mechanism
clearly prevails in our samples at low temperatures. This
observation is in agreement with the results on undoped
SWCNT films for any m/sc ratio obtained by Yanagi et al.
[43], Bulmer et al. [44] and Wang et al. [46], and in contra-
diction with those of Itkis et al.[45] who fitted their low-
temperature conductivity experiments by the FIT mecha-
nism. If we limited the temperature range of the analysis
below 100 K, as done, e.g., by Yanagi et al. [43], we would
obtain interpretation of the material electronic conduc-
tivity with decreasing m-SWCNT content in terms of the
parameters evolution of only one VRH-type transport

mechanism. Nevertheless, all curves deviate from the lin-
ear regime at high temperature (over 100 K) where W(T)
flattens. In addition to the high temperature flattening,
the two less functionalized samples (FO and F1) slightly
deviate from the linear regime also at low temperature
(see Figure S1). It implies that an additional mechanism
is associated with the above-cited VRH-type mechanism.
The need for combining two transport mechanisms to
account for the conductivity from low to room tempera-
ture was often recognized [45, 47, 48].

In real disordered materials, a combination of two
mechanisms corresponds to a complicated series—par-
allel circuit. To analyze such circuits, a simplification
is necessary by considering a simple series or parallel
circuit. Such a physical approach has already been suc-
cessfully used [45, 47, 48, 66] on carbon-nanotube-based
systems. VRH-type and power law were recognized as
the only possible mathematical functions in our case.
Consequently, we analyzed our W(T) data by studying
the “VRH-VRH” and “VRH-power law” combinations (in
series or in parallel). We observed that the combination
in series did not lead to satisfactory fits whatever the
functionalization degree. On the contrary, we found
that only a “VRH-power law” parallel combination led to
excellent fits over the whole temperature range for sam-
ples FO, F1, and F2, while for F3 and F4 samples, only a
“VRH-VRH" parallel combination led to excellent fits over
the whole temperature range.

As a result, for FO, F1, and F2, the fitting functions of
o(T) can be written as the sum of a VRH-conductivity
VRH, (noted o;) and of a power law conductivity (noted
02):

T\
o(T) =04(T) + 0,(T) = og1€xp [_<%> ] + 05, T" 8)

(5 fitting parameters o0y, Ny, Ty;, Ogy, @) and W(T) can
be written as

n n
() ool ()] o 2

T\ o
ol (1] 27

on

W) =

(4 fitting parameters n,, Ty, @, Og5/0¢;).

For F3 and F4, the fitting functions of o(T) can be writ-
ten as the sum of a VRH-conductivity VRH, (noted o;) and
another VRH-conductivity VRH; (noted o3),

ol (2
(10)

(6 fitting parameters 0y;, Ny, To1, Opss N3s To3) @and W(T)
can be expressed as

_ _ T \™
o(T) =0,(T) + 05(T) = 6p1exp [— <T)
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(5 fitting parameters ny, Ty;, N3, T3, Op3/0g1)-

In these equations, 0,;, 0., and 05 are the prefactors
of the partial conductivities o;, 0,, and o5, respectively, Ty,
and T are the characteristic parameters (with the physical
dimension of temperature) of o; and o3, respectively, n,,
a, and n; are the exponents of 0;, 0, and o3, respectively.

W(T) =

(1

3.3 Resulting fit parameters

We first used the Eqs. 9 and 11, which have less fitting
parameters and therefore lead to more reliable fits, to fit
the logW vs logT data (see Fig. 3b). The parameters ny, Ty,
a, n3, Ty presented in Table 1 were obtained from these
fits. Subsequently, using these parameters, the log(o) vs
log(T) data (see Fig. 3a) are fitted by using the Eqgs. 8 and
10 to get the prefactor values (0, 0y, and ;) driving the
partial conductivities. Both the W(T) and o(T) fits show
excellent agreement over the whole temperature range
for all samples (Fig. 3a, b).

The values of the parameters in Table 1 lead to the fol-
lowing conclusions.

First, one Variable Range Hopping component (labeled
VRH,, with an exponent n; close to 0.5) is present for all
samples. This exponent is consistent with a 1D transport
mechanism in such a 1D-material as individual SWCNTs.
However, we cannot exclude a 3D VRH in the frame of
the Efros-Shklovskii [58] model which takes into account
the Coulomb interactions. Such a situation might cor-
respond to a 3D electronic transport between SWCNTs
within a bundle or from bundle to bundle, as found by
[44]. This VRH,; mechanism shows a parameter T, close to
room temperature at low functionalization, raising when
the functionalization increases. Similar values have been
reported for VRH in SWCNT films [46] or were foreseen by
simulation for chemically functionalized SWCNTs [67], and
correspond to a transport with low thermal activation.

Second, for the power law T% (Egs. 8 and 9) observed
in the samples FO, F1, F2, exponents a between 1.18 and
1.9 were found (see Table 1). Such a power law cannot be
attributed to a Critical Regime for which the exponent
cannot be superior to 1 [52]. Therefore, we associate this
power law function to the signature of a Luttinger Liquid
mechanism in a 1D metal (metallic nanotubes). The optical
absorption data in Fig. 1c showing an important presence
of m-SWCNTs in the samples FO, F1, and F2, support this
interpretation. Extracting the Luttinger parameter g from
the fitted a values according to Eq. 3, we obtain g=0.30,
0.29, and 0.21 for the samples FO, F1, and F2, respectively.
The two first values are in good agreement with the
theoretical estimate g = 0.28 [53, 68, 69]. The third value
(g=0.21) differs slightly from this theoretical value but is
close to the experimental value 0.22 reported in the lit-
erature as corresponding to a barrier (kink shaped defect)
between two metallic sections of a SWCNT [54]. We note
that Bulmer et al. [44] observed a power-law o(T) with
a=0.2 in a film of unsorted SWCNTs (i.e. approximately
comparable to our sample F0), and with a=0.36 in a film
of containing 95% of m-SWCNTs, but only after nitric acid
doping so that it is not possible to simply compare their
results with the power-law o(T) component observed in
our experiment.

Third, for the parameters of the Variable Range Hop-
ping VRH; component appearing in the F3 and F4 sam-
ples, the direct fits involving two VRH formulae (i.e., two
similar mathematical functions) are unfortunately not
sensitive enough to determine n;. Values of n; from 0.25
to 0.5 were tried as fitting parameters. Fits with n;=0.25
lead to extremely high T,; values (> 10° K), see Table S2,
and thus to a negligible density of states for the corre-
sponding transport mechanism (see Eq. 6). Therefore, a
fixed value of n;=0.5 was used for the fit, leading to T;
values around 8000 K, indicative of a much more hindered
transport mechanism for VRH; than for VRH;.

Figures 4a, b illustrate the absolute contribution
and Fig. 4c, d the relative contribution (in logarithmic
scale) of the partial conductivities o,, 0,, and o; to the
total conductivity o (Egs. 8 and 10) as a function of the

Table 1 Fitting parameters obtained from the fits using Egs. 8,9, 10, and 11

Sample VRH, component Power law (Luttinger Liquid) com- ~ VRH; component
ponent

Oy, (S/cm) n, To1 (K) 0Og, ((MS/cm)/K?) a 0y3 (S/cm) n; (fixed) Tos (K)
FO 1700+ 200 0.45+0.01 200+20 40+5 1.18+0.03 0 NA NA
F1 2500+200 0.43+0.01 270+30 26+2 1.23+0.05 0 NA NA
F2 2200+200 0.44+0.01 460+ 60 0.40+0.05 1.9+0.2 0 NA NA
F3 2000+200 0.49+0.01 400+20 0 NA 2000+200 0.5 9000+ 1000
F4 1000+100 0.48+0.01 960+40 0 NA 1000+ 100 0.5 7800+500
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functionalization degree at T=295 Kand T=4 K, respec-
tively. Figure 4e, f illustrate the decomposition of the
total conductivity o(T) along 0,(T), 0,(7), and o5(T) as a
function of temperature for the extreme FO and F4 sam-
ples, respectively.

At room temperature (T=295 K, Fig. 4a), starting from
F1, the total conductivity and the component o;, as well
as the two remaining components o0, and o5 (in the case
where they are not zero), decrease with the functionali-
zation degree. The contribution of the o, part disappears

O
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ple of decomposition of the total conductivity o as a function of
temperature into components with different transport mechanisms
for the samples FO (E) and F4 (F). For (B) and (D), the error bars are
smaller than the point size

and is replaced by the o; component between 0.12 and
0.46 mol% functionalization.

At 4 K (Fig. 4b), the situation is similar, except that here
the o; contribution increases with the functionalization
degree but still remains negligible, as expected at low tem-
peratures from the very high parameter T;.

The relative weights of the partial conductivities in the
total conductivity at 295 Kand 4 K are shown in Fig. 4c, d,
respectively. At both temperatures, the total conductiv-
ity is dominated by o, (roughly between 70 and 90% at
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295 Kand between 70 and 100% at 4 K) and the o; relative
weight increases with the functionalization degree.

Figure 4e, f show that the above-described behaviors
are valid for any measured temperature.

4 Discussion

Figure 4 thus leads to the conclusion that the function-
alization progressively transforms the SWCNT film from
a material with a relatively high total conductivity com-
posed of two parallel mechanisms VRH, and LL to a genu-
inely fully semiconducting material with a lower total con-
ductivity composed of two parallel mechanisms VRH, and
VRH;. The presence and progressive transformation of the
conductivity mechanisms with increasing functionaliza-
tion degree can be explained as follows.

4.1 Metallic SWCNTs

From the electronic point of view, a defect on the
m-SWCNT corresponds to a tunnel barrier separating two
metallic sections of SWCNT. One defect thus creates a situ-
ation equivalent to two Luttinger Liquids connected end-
to-end by a tunnel barrier. The high values of a (a> 1, see
Table 1) are typical of end-to-end connected LLs [54] and
support this interpretation. In this picture, more degraded
m-SWCNTs (i.e., with two or more defects) are cut into
shorter metallic sections. These sections can be viewed as
localized states between which the transport is realized by
hopping, a typical semiconducting behavior. The observed
VRH;, transport can be attributed to this mechanism. Thus,
within the material, the m-SWCNTs contribute to the total
electronic transport by two parallel mechanisms (taking
place in two percolating subnetworks): the LL mechanism
(0,) in long metallic sections of SWCNTSs separated by thin
tunnel barriers, and the ‘semiconducting-like’VRH (o).
These two mechanisms coexist already in non-func-
tionalized samples because of the presence of intrinsic
defects on the m-SWCNTs. The functionalization creates
additional barriers on the m-SWCNTs and breaks them
into shorter metallic sections with random lengths. This
leads to an increased number of LL resistances in series
and therefore to a strong decrease of the resulting o, con-
ductivity (Fig. 4a, b), and of the total conductivity of the
sample (Fig. 3a). In the case of high functionalization, the
LL percolating subnetwork completely disappears, and
electrical transport through the m-SWCNTs is only possi-
ble through the VRH, hopping mechanism. Shorter metal-
lic sections also mean smaller localization lengths [57] of
the electronic states () within the frame of VRH,. This is
in agreement (Eq. 2) with the observed increase of the
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parameter Ty, from 200 to 900 K (Table 1) with increasing
functionalization degree.

4.2 Semiconducting SWCNTs

Strong functionalization of the material affects not only
m-SWCNTs but, at a lower degree, also sc-SWCNTs, as
shown in Fig. 1 and in our previous works [4, 26-28]. In
sc-SWCNTs, the creation of random defects leads to a dis-
ordered material with localized states in the bandgap of
the originally non-functionalized sc-SWCNTs. The crea-
tion of the mid-gap states increasing the conductivity in
sc-SWCNTs by functionalization was evidenced in single
SWCNT studies by Bouilly et al. [34]. An additional Variable
Range Hopping, VRH;, can thus occur between the created
localized states near the Fermi level. These localized states
are rare (low N(Ep)), in agreement with the much higher
parameter T,; compared to Ty, (see Eq. 6). In our analy-
sis, this low-conduction channel appears as o3 in Fig. 4.
Thus, the functionalization induces an additional transport
mechanism through the sc-SWCNTs.

In our analysis, we didnt explicitly consider inter-nano-
tube contact resistance which is known to play a role in
the total conductance of SWCNT-networks [70, 71]. There
are three types of inter-nanotube contact resistances to
take into account: m-m, m-sc and sc-sc. In the case of a
m-m contact between two LLs, if the contact resistance is
higher than the LL resistance of the m-SWCNTs, it simply
eliminates the connected parts from the LL subnetwork
and thus does not appear in the resulting LL conductiv-
ity of the network. In all other cases (m-m where at least
one of the nanotubes is in the VRH, regime, m-sc and sc-
sc), the contacts may be considered as additional potential
barriers between localized states in the frame of the VRH
mechanism and at least some of them may be included
into the VRH. Since an extremely broad statistical distri-
bution of the contact resistances is usually observed in
the SWCNT networks [71], additional either very high or
negligible resistances are probably present in the network
but have no impact on the transport mechanisms because
they either eliminate one part of the subnetwork or do not
affect the subnetwork from the resistance point of view,
respectively.

We note that in the absorbance spectra, a small
m-SWCNT absorbance band remains even for highly func-
tionalized samples. This is because SWCNTs are prepared
as a suspension of small bundles [4] containing from a few
tubes up to a few tens of tubes, in the core of which a
small fraction of the SWCNTSs are inaccessible to function-
alization. Complete separation of SWCNTs in solution is
possible, but requires a longer purification, with a much
lower yield. From the spectroscopy records, the part of
non-functionalized m-SWCNTs in the highly functionalized
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samples can be estimated to be < 5%. However, from the
electronic transport point of view, the contribution of the
LL component, related to the presence of long metallic
sections of m-SWCNT, disappears at high functionaliza-
tion degree (see Fig. 4). Thus, some non-functionalized
m-SWCNTs are still present, but they do not contribute
to the conductivity by fully m-SWCNT paths. This means
that these remaining non-functionalized m-SWCNTs in
the core of the bundles do not form a percolating subnet-
work after high functionalization of the bundles. When the
m-SWCNTs deeply embedded in bundles in the pristine
suspension are not accessible to functionalization, they
are probably also inaccessible to direct contact with other
similar non-functionalized m-SWCNTs once the bundles
have been spray-deposited as a film.

5 Conclusion

Functionalization being selective for m-SWCNTs, it brings
an efficient mean to tune the m/sc ratio of SWCNTs in the
native blend. We performed a study of the conductivity of
functionalized SWCNTs from 4 to 300 K. The goal was to
identify the different mechanisms driving the electronic
transport in SWCNT materials with progressively increased
functionalization. Our analysis reveals that the total con-
ductivity in SWCNT films is a combination of several trans-
port mechanisms.

At low levels of functionalization, the conductivity is
mainly due to m-SWCNTs, in which the transport is best
described by a parallel combination of a semiconducting
VRH mechanism and a LL regime, typical for 1D-metals.
Our analysis reveals the existence of a percolating sub-
network of m-SWCNTs with a LL component associated to
large metallic sections of m-SWCNTs. At a medium degree
(0.2-0.4 mol%), the functionalization destroys the LL com-
ponent in the m-SWCNTs. At higher levels of functionali-
zation, a second VRH regime, corresponding to transport
through partially functionalized sc-SWCNTs, appears
and coexists in parallel with the first VRH mechanism.
As a result, at these functionalization levels, the material
behaves as a material with the desired semiconducting
properties.

We note that a small part of the non-functionalized
m-SWCNTs is still present in highly functionalized materi-
als, as can be observed by spectroscopy. The fact that we
do not see its signature in the electronic transport indi-
cates that these remaining non-functionalized m-SWCNTs
do not form a percolating subnetwork.

Our approach allows for an insight into the electronic
conduction mechanisms in SWCNT films modified by
diazo-functionalization. The study of the charge trans-
port mechanisms enabled us to monitor the progressive

transformation of a material with non-functionalized
m-SWCNTs into a purely semiconducting material. A
practical output of the analysis is that it gives information
about the minimum value of the functionalization degree
necessary to obtain a semiconducting material potentially
usable in plastic electronics or thermoelectrics.
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