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Covalent functionalization of multiwall carbon nanotubes is a direct method to suppress the conduction

of the outermost shell, subject to interactions with the environment. The rehybridized sp3 external shell

of the functionalized multiwall carbon nanotubes becomes naturally a hybrid injection barrier allowing

the control of the contact resistances and the study of quantum transport in the more protected inner

shells. Charge transport measurements performed on isolated multiwall carbon nanotubes of large

diameter show an increase of the contact resistance and stabilization in the MX range. Electronic

quantum properties of the inner shells are highlighted by the observation of superlattice structures

in the conductance, recently attributed to the formation of a one-dimensional Moir�e pattern.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4964129]

Carbon nanotubes (CNTs) are ideal one-dimensional

(1D) conductors with outstanding physical and mechanical

properties1–3 mainly originating in the two-dimensional hex-

agonal lattice of graphene. Thanks to their unique electronic

properties, CNTs are promising candidates for a broad range

of applications4 and they have been proved successful for

improving transistors, sensors, and solar cells. In this con-

text, their chemical functionalization has been proposed as

a cost effective and promising way to tune their physical

properties5 such as the electrical6–8 and optical9 responses,

to introduce magnetic compounds10 or to increase their solu-

bility.11 However, chemical functionalization is also known

to modify the band structure of the nanotubes. Midgap states

induced by covalent grafting in single-wall and double-wall

carbon nanotubes have been recently reported.8 In this work,

the effect of covalent chemical functionalization on large

diameter multiwall carbon nanotubes (MWCNTs) subject to

Moir�e superlattices effect is investigated both through

advanced observation techniques and by direct charge trans-

port experiments at different temperatures. We show that the

covalent functionalization generates an injection barrier at

the interface between the outershell and the metal contacts

and enhances the 1D Moir�e behavior of the nanotubes.

Indeed, MWCNTs are particularly interesting candidates

for studying chemical functionalization.12–17 First, they present

a good surface reactivity with organic molecules.16 Second,

thanks to their coaxial geometry, only the outermost shell is

modified during the chemical reactions while the inner shells

remain unaffected.18 As a consequence, it may be possible to

functionalize MWCNTs while keeping excellent transport

properties coming from the protected inner shells. Considering

a covalent functionalization, it will mainly change the hybridi-

zation of carbon atoms forming the external shell of a

MWCNT from a conducting sp2 to an insulating sp3 configura-

tion and thus will degrade its capability to conduct.18 With a

sufficiently dense covalent functionalization, it becomes even

possible to strongly suppress the conduction carried by the out-

ermost shell. By considering now charge injection from a

metallic contact, because of the insulating character of the

modified outer shell, it also becomes naturally a hybrid injec-

tion barrier for charges possibly reinforced depending on the

chemical structure of the inserted molecules. The presence of

this injection barrier may dominate the contact’s resistance

which is typically a difficult-to-control element in carbon-

based devices.19,20

For quantum transport, the complex electronic band

structure of MWCNTs originates from the presence of shells

of different diameters and possibly different characters (zig-

zag, armchair or chiral) and to their interactions.21–24 As a

consequence, ultraclean devices are essential for studying the

quantum transport in MWCNTs. Covalent functionalization is

thus also an ideal method to force the current to flow through

the protected inner shells and to probe their electronic proper-

ties. This aspect is of particular interest when studying inter-

acting effects such as 1D Moir�e25 as recently experimentally

observed in large diameter MWCNTs.26 1D Moir�es are super-

structures emerging from the coupling between neighboring

shells, leading to an artificial enlargement and modification of

the periodic potential seen by the charge carriers.

In this article, high resolution TEM images and Raman

spectroscopy reveal the feasibility of a dense functionaliza-

tion by spontaneous diazonium-based electro-reduction.

Electrical transport measurements show an increase of the

contact resistance above the tunnel injection limit and also

Moir�e superstructures in the conductance.

The MWCNTs used in this study, grown by chemical

vapor deposition, are purchased from MER Corporation. They

present very large diameters ranging from 80 to 150 nm includ-

ing thus dozens to hundreds of enclosed shells. Compared to

a)Author to whom correspondence should be addressed. Electronic mail:

clement.barraud@univ-paris-diderot.fr

0003-6951/2016/109(14)/143110/5/$30.00 Published by AIP Publishing.109, 143110-1

APPLIED PHYSICS LETTERS 109, 143110 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  81.194.18.157 On: Tue, 04 Oct 2016

12:34:47

http://dx.doi.org/10.1063/1.4964129
http://dx.doi.org/10.1063/1.4964129
http://dx.doi.org/10.1063/1.4964129
http://dx.doi.org/10.1063/1.4964129
mailto:clement.barraud@univ-paris-diderot.fr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4964129&domain=pdf&date_stamp=2016-10-04


other well-known functionalization techniques such as

hydrogenation, halogenation, or carboxylic addition, cova-

lent functionalization by diazonium chemistry is a soft tech-

nique without any aggressive environment27 that might

induce additional structural defects. At high concentrations

of radical species, the functionalization process is spontane-

ous and insensitive to the tube chirality.28 In this study, a

simple diazonium salt of nitrobenzene diazonium (NBD), as

shown in the inset of Figure 1(a), is used to induce the rehy-

bridization of carbon atoms.29 Details of the process can be

found in the supplementary material.

Performing functionalization in solution has the impor-

tant advantage of an improved processability. Indeed, the

reaction is sensitive to different parameters such as tempera-

ture and time and performing the functionalization of a batch

of MWCNTs at once is a perfect way to study the reproduc-

ibility of their charge injection properties. Moreover, the

homogeneity of the surface covering is an important aspect

of this study, and one of the most interesting advantage of

this in-solution process is the capability to achieve a molecu-

lar coverage over the entire MWCNT, in opposition to

previous studies in which the CNT is integrated before being

chemically functionalized.18,29 The growth dynamics of the

molecular film is referred to as a “mushroom-like” growth.30

The first molecules form bonds with the MWCNT around

regions where site reactivity is favorable due to structural

defects or to strains.14 Then, the molecular layer expands

over the surface. It is followed by a polymerization, where

molecules bond to each other to form oligomers.31,32 In order

to achieve a dense molecular covering, the first functionali-

zation step is promoted by high concentrations of NB mole-

cules (10�1 mol l�1) and a photo-activation (100 W of

visible light) to create the radical moieties.

Figure 1(a) shows a portion of a f-MWCNT after 24 h of

functionalization observed with a high-resolution TEM

focusing on a sectional plan making the different shells

appear. An intense functionalization is remarkable due to the

presence of filaments over the surface of the MWCNT

whereas molecules are barely visible for partially functional-

ized MWCNTs (see supplementary material). The different

shells appear to be defect free. A diffraction study indicates

the presence of a 0.34 nm spacing33,34 as expected in pristine

MWCNTs. This confirms that the functionalization only

affects the outermost shell and that the rest of the f-MWCNT

keeps its pristine structure as already reported.18 However,

apparent clean spots with no grafted molecules remain inde-

pendently of the functionalization time (between 0 and 24 h).

A possible explanation lies in the fact that the rehybridiza-

tion of the surface’s carbon atoms forming the MWCNT

after functionalization imposes a tetrahedral form at equilib-

rium (sp3 configuration). This tetrahedron might locally

induce a local tensile strength27,35 on the carbon lattice as

the repulsion due to all the inner shells prevents the outer-

most shell to reduce its diameter in response to this deforma-

tion. The energy necessary to attach a new molecule over the

MWCNT’s surface would thus be increased, and it could

prevent any further reaction at the carbon surface.

Raman spectroscopy is also a powerful tool to investi-

gate the MWCNT quality and the effect of functionaliza-

tion.36 This spectroscopy is performed on three different

f-MWCNTs deposited on a Si/SiO2 (500 nm) substrate with

a laser wavelength of 633 nm. As shown in Figure 1(b),

well-defined D (1330 cm�1), G (1580 cm�1), and 2D

(2650 cm�1) resonances are visible. The resonance’s sharp-

ness with such a high functionalization degree indicates a

preserved quality. As mentioned previously, Raman spec-

troscopy can be performed in order to detect the presence of

molecules in carbon-based nanostructures.37 In the present

case, as highlighted in Figure 1(b), the large amount of shells

composing the MWCNT dominates the spectra and might

hide the signal related to the presence of molecules (i.e.,

additional resonances to D, G, and 2D are expected to

be present between 1000 cm�1 and 1500 cm�1 (Ref. 11)).

However, the molecular functionalization might also be

revealed by the aspect and relative amplitudes of the D and

G resonances38 (ID/IG ratios are of 0.45 (red), 0.24 (pink),

and 0.07 (black)). Raman spectra presented in Figure 1(b)

are characteristic of functionalized MWCNTs.14

The effect of the chemical functionalization is finally

studied by exploring the electrical properties of f-MWCNT-

based devices and especially the resistance variation of

FIG. 1. Structural characterization of the f-MWCNTs. (a) High Resolution

TEM image of a MWCNT functionalized by nitrobenzene molecules. The

focal distance is chosen to result in an image of a section of f-MWCNT.

Individual shells can be perfectly identified. The blurred filaments are the

oligomeric chains of NB molecules attached to the outermost shell. (b)

Raman spectra of three different f-MWCNTs acquired with a red laser at

633 nm (power <2 mW). The spectra present well defined D, G, and 2D

peaks characteristic of MWCNTs.

143110-2 Bonnet et al. Appl. Phys. Lett. 109, 143110 (2016)
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metal/(f-)MWCNT interfaces. Devices are fabricated using

electron-beam lithography in a transistor-like architecture as

shown in Figure 2(a). Details of the fabrication process can

be found in the supplementary material. Concerning the

device’s electrical response, the origin of the total resistance

has two components: the contact resistances (for charge

injection and extraction) and the intrinsic resistance of the

MWCNT (which is around few kX and below as reported

earlier26). In the case of f-MWCNTs, the presence of the

molecular layer strongly affects the conductivity of the out-

ermost shell. It is mainly due to the sp3 hybridization of the

carbon atoms. In the case of partial functionalization, each

molecule behaves as a scattering center18 so the overall con-

ductance associated is very low (current values close to

10�12 A were reported8). When the functionalization is suffi-

ciently dense, no more conduction channels are available

and the molecular film/1st shell acts as a transport barrier

between the metallic electrodes and the inner conducting

shells as pictured in Figure 2(b). In such a case, the total

resistance is thus dominated by the contact resistance.

The mean value of the contact resistance and its dispersion

contain interesting information. In Figure 2(c), a plot of the

device’s resistance (in a two-probe configuration) is given

for bare MWCNTs and f-MWCNTs (partially and densely

functionalized). For bare MWCNTs (blue dots), device resis-

tances as low as 500 X have been measured revealing their

good conducting properties. However, the mean resistance is

around 10 kX, with an important dispersion. Resistance val-

ues spread on 5 orders of magnitude and this variation

mainly originates from the contact resistance itself. This

contact resistance dispersion in carbon-based devices is a

well-known behavior.19,20,39 Then, a distinction is made to

compare partially functionalized (black dots) and highly

functionalized (red dots) MWCNTs. Devices partially

grafted (1–2 h) are shown in order to highlight the strong

inhomogeneity of the covering at the beginning of the chemi-

cal reaction. These devices show an even wider dispersion of

resistances with an isolated case reaching 107 X. The func-

tionalization time is then set to 24 h in order to densify the

molecular coverage of the MWCNTs. The devices obtained

in this last case show high resistances (�10 MX) and a nar-

row dispersion (more than 80% of them are between 5 and

25 MX). These resistance values are well above the quantum

of resistance. This behavior reveals the presence of an injec-

tion barrier as expected. The reduced dispersion also indi-

cates that this barrier is relatively homogeneous with similar

electronic properties from sample to sample. This is a clear

indication that the functionalization has reached a critical

point.

As the injection properties are identified, quantum trans-

port properties through the f-MWCNTs are also investigated.

Details of the experimental setup for transport measurement

FIG. 2. Modification of the metal/

MWCNT contact resistance by chemi-

cal functionalization. (a) Tilted scan-

ning electron microscope image of a

device with three metallic electrodes

(Ni (130 nm)/Au (20 nm)) deposited on

the top of a single f-MWCNT. (b)

Schematic representation of the Ni/f-

MWCNT contact region. The high resis-

tance region is composed of the molecu-

lar layer and of the sp3-hybridized

outermost shell. (c) Two-probe resistan-

ces measured on different devices

including bare nanotubes (blue dots, 20

samples), partially functionalized (black

dots, 5 samples) and densely functional-

ized MWCNTs (red dots, 13 samples) at

room temperature. The contact’s width

ranges from 200 nm to 1 lm for all the

cases.

143110-3 Bonnet et al. Appl. Phys. Lett. 109, 143110 (2016)
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can be found in supplementary material. With highly resistive

contacts, the conductance measured on a single f-MWCNT

is directly proportional to its density of states.40 Such measure-

ments are thus very close to the electronic spectroscopy per-

formed with a scanning tunneling microscope.41,42 Figures 3(a)

and 3(b) show, respectively, the current and conductance meas-

urements performed on a highly functionalized f-MWCNT at

4 K (black), 50 K (orange), and 100 K (red). Non-linear I–V

curves with well-defined structures are clearly visible at low

temperature and slightly vanish as the temperature is

increased. Such structures are more detailed in the conduc-

tance measurements. They were ascribed recently to the

presence of a Moir�e pattern occurring in the MWCNT due to

intershell interaction.26 The Moir�e superlattice typically

leads to the apparition of sub-structures such as pseudo-

gaps21 with sharp quantum transitions corresponding to the

accumulation of different van Hove singularities (VHS) at

specific energies, as experimentally highlighted.26 Those

transition energies strongly depend on the relative orienta-

tion of the different shells and to their chiralities.26 For

instance, for the sample presented in Figure 3, the pseudo-

gap has a width of 250 meV. Other transitions are visible at

even larger energies. As a result, by properly scaling the

energy range, the spectrum of the f-MWCNT appear to be

similar to the typical density of states (DOS) of a much

smaller MWCNT,40 especially if considering the important

pseudo-gap and the VHS spacing of 80–100 meV. Again,

this is the signature of the presence of a 1D Moir�e that

defines a new super-potential with a much larger period.26

First, by comparing to transport measurements of 1D

Moir�e in a bare MWCNT, VHS, and pseudo-gap can be still

visible when the MWCNTs are densely functionalized.

Moreover, the conductance measurements performed at differ-

ent temperatures show that these features are relatively robust

as highlighted in Figure 3(c). The large-energy VHS disappear

around 100 K (against 20–30 K in bare MWCNTs26) and the

gap remains visible up to 170 K (against 120 K in bare

MWCNTs26). This observed increased stability of the elec-

tronic properties in a f-MWCNT (see Figure 3(c)) may have

several origins. First, the inner shells may present better

transport properties due to a better screening from the envi-

ronment.18 Second, it may be possible that the chemical

reaction with the NBD molecules stabilizes the structure

through the tensile strength or through the orientation of sp3

orbitals towards the inner shells. This should increase the

intershell interaction and thus the friction between the differ-

ent shells which finally could reinforce and stabilize the

superstructure.

FIG. 3. Temperature dependence of the quantum transport properties of an individual f-MWCNT (the distance between the electrodes is 1 lm and the tube

diameter is around 80 nm). (a) Current and (b) conductance measurements performed on a functionalized MWCNT at 4 K (black), 50 K (orange), and 100 K

(red). The pseudo-gap structure and the associated van Hove singularities observed in the conductance slowly vanish while increasing the temperature. (c)

Visibility (amplitude of the features normalized by their amplitude measured at 4 K) of the electronic features plotted as a function of the temperature for

f-MWCNT (in orange and red) and a bare MWCNT (in blue and purple). Thick transparent lines are a guide for the eyes. The data for the bare MWCNT are

reproduced with permission from Bonnet et al., Sci. Rep. 6, 19701 (2016). Copyright 2016 Nature Publishing Group.
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In conclusion, structural and electronic properties of cova-

lently functionalized multiwall carbon nanotubes have been

investigated by high resolution transmission electron micro-

scope, Raman spectroscopy, and transport measurements at

various temperatures. First, it is shown that the molecules are

densely covering the nanotube’s surface. Then the contact

resistance with a metallic electrode is also increased and stabi-

lized close to the 10 MX range due to the presence of mole-

cules and to the rehybridization of the carbon surface atoms

into a sp3 configuration. Finally, quantum transport properties

are shown to be very stable in temperature and voltages.

Molecular grafting may induce an increase of the interaction

between the insulating outermost shell and the underlying con-

ducting shells. By changing the molecules, it should be possi-

ble to modify charge injection properties and even to insert

some magnetic centers in order to act also on spins.

See supplementary material for details concerning the

diazonium functionalization process, the TEM characteriza-

tion of partially functionalized MWCNTs, the fabrication

process of the device, and the experimental setup.
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