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A B S T R A C T   

Nanomanipulation of molecular materials such as carbon nanotubes (CNTs) or new covalent organic frameworks 
(COFs) is key not only for the study of their fundamental physicochemical properties, but also for building and 
probing nanodevices. Therefore, we have investigated the tribological properties of oxidized MWCNTs (ox- 
MWCNTs) and their hybridization with COF building blocks (ox-MWCNTs@COF) adsorbed on a mica surface. 
We used the AFM tip to apply torsional forces on individual nanotubes. Depending on the manipulation pa
rameters, the lateral displacements of the AFM tip slide and/or bend nanotubes enabling the direct quantification 
of the nanotube-mica adhesion. We found striking changes in the behaviour of the lateral force needed to 
manipulate each carbon nanotube variant which indicates an increased adhesion of ox-MWCNTs@COF with 
respect to ox-MWCNTs (~10x). In addition, the use of the AFM tip as a mobile electrode enabled the mea
surement of electrical transport through individual nanotubes that revealed a rectifying behaviour of the ox- 
MWCNTs@COF with high resistivity, which was in contrast with the near ohmic performance of ox-MWCNTs.   

1. Introduction 

Carbon Nanotubes (CNTs) are considered to be a potential multi
functional material for constructing nanodevices due to their excep
tional mechanical, electrical and thermal properties [1–4] which enable 
their use in many applications such as field emission and photovoltaic 
devices, batteries or supercapacitors [5–8]. These remarkable properties 
together with their nanomolecular construction and high surface area to 
volume ratio contributes to a reduction in the size and weight of ma
terials, features which have an important impact on the industry [9]. 
These types of nanomaterials have attracted a huge interest due to their 
performance at the nanoscale which provides new insights and prop
erties from both fundamental and applied perspectives [10–12]. When 
dealing with molecular nanomaterials such as CNTs, both the study of 
their individualized physicochemistry [13] and the manufacture of 
nanodevices requires their manipulation at the nanoscale [14]. This 
procedure involves positional modification, controlled deformation, and 

nano-electrical connection [15,16]. 
Atomic force microscopy (AFM) is often used for the nano

manipulation of single molecular objects at the nanoscale for assembly 
into complex nanodevices [17,18]. In this vein, the abilities of AFM 
constitute an attractive strategy for the construction of nanodevices with 
single metallic or semiconducting nanotubes or nanowires [19–21]. 
Various reports have manipulated individual CNTs with the AFM tip and 
monitored their change in position, shape or length with topographical 
maps at high resolution. Such topographical information has been used 
for theoretical calculations of strain energies and frictional forces 
[22–26] which can alternatively be measured during the manipulation 
process if registering both the normal and the torsional bending of the 
AFM cantilever [27–33]. 

CNTs can be used as molecular templates for other active compo
nents, resulting in highly engineered composite or hybrid materials [34, 
35]. Because these nanocarbons are chemically robust, they are usually 
hybridized with other molecules or materials [36]. In particular, the 
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hybridization of covalent organic frameworks (COFs) and nanocarbons 
(either CNTs or graphene) has been recently reported as an efficient way 
for the enhancement in their performance in various applications such 
as gas adsorption, electrochemical sensing, catalyst and energy storage 
[37–40]. Taking advantage of the self-assembling aspect of COFs on the 
nanotubes template, we previously reported a new hybrid material and 
showed enhanced resistance to fracture of oxidized multiwalled carbon 
nanotubes (ox-MWCNTs) coated with Covalent Organic Frameworks 
(ox-MWCNTs@COF) [41]. 

In this work, we present an optimized nanomanipulation method
ology using the AFM tip in the characterization of two kinds of nano
tubes: ox-MWCNTs and ox-MWCNTs@COF (Fig. 1). The choice of 
oxidized MWCNT was based on our previous observations in which we 
only obtained homogeneous CNT-COF hybrid nanotubes when oxidized 
nanotubes were used [41]. Here, we have slid and bent individual 
nanotubes adsorbed on a mica surface by lateral manipulation. These 
experiments have revealed a differentiated tribological behaviour for 
each material, which is related to the higher adhesion of 
ox-MWCNTs@COF. In addition, we used a conductive AFM tip as a 
mobile electrode for performing electrical characterization of individual 
ox-MWCNTs and ox-MWCNTs@COF hybrid nanotubes. 

2. Experimental section 

2.1. Materials 

Oxidized MWCNTs were purchased from Nanocyl Ltd and used as 

received. They were dispersed in ethanol and mixed with the precursors 
of the COF-3D (tetrakis(4-amino-phenyl)methane and tereph
thalaldehyde). Using an acid media (adding 10 μL of acetic acid), the 
formation of COF material occurs on the CNT surface, which acts as a 
template for the nucleation of the COF particles. As result, they were 
conformally coated with 3D-COF (known as COF-300) as previously 
reported. The result was a carbon nanotube covered with a COF layer of 
~12 nm [41]. 

2.2. Nanomanipulation experiments 

The AFM was operated in both dynamic [42] and contact modes for 
imaging and manipulation, respectively. The AFM was housed inside a 
temperature-controlled chamber (18 ◦C) to ensure thermal stability. The 
nanomanipulation experiments were carried out using rectangular sili
con nitride AFM cantilevers (RC800PSA, Olympus, Tokyo, Japan) with a 
nominal spring constant of 0.35 N/m that were routinely calibrated 
using Sader’s method [43]. A Si grating was used to calibrate the 
torsional force (Supplementary Material -SI-) For the nanomanipulation 
of the nanotubes, a script was developed in WSxM software [44] to draw 
a path line, through which the AFM tip would be moved at constant 
speed with a preselected normal loading (SI). We recorded simultaneous 
lateral and normal forces vs. piezo displacement curves for the perpen
dicular and lateral excursions. In order to monitor the position of the 
nanotubes we took AFM topography images before and after each 
manipulation using WSxM software [44] for data and image processing. 
10 μL of the sample solution (1 % wt. in ethanol) was sonicated for 1 h 
and incubated on the surface. The non-adsorbed particles and contam
inants were removed by drying the sample with N2. 

2.3. Conductance experiments 

For conductance AFM measurements, cantilevers with an electrically 
conductive coating of Cr–Pt were used (ElectriMulti75-G, Budget
Sensors) with a nominal length of 225 μm, a width of 28 μm and a 
thickness of 3 μm. The cantilever spring constant was calibrated using 
Sader’s method (3 N/m). The nominal diameter of the tip was <25 nm. 
The force and current vs. distance curves were simultaneously recorded 
for the forward and backward directions. In addition, images were ac
quired before and after the conductance measurements. For adsorption 
of the carbon nanotubes, 10 μL of the sample dispersion (1 % wt. in 
ethanol, sonicated for 1 h) were incubated on a silicon surface where Ti/ 
Au electrodes were pre-patterned for electrical contact. The minute Ti/ 
Au electrodes were micro-welded to a print circuit board (PCB) that was 
connected to the source bias voltage (Fig. 6). Most of the non-adsorbed 
particles were removed by drying the sample with N2. Although we 
carefully protected the substrate to avoid the capture of any contami
nants during the material deposition, non-adsorbed contaminants could 
be also removed when drying with N2 gas. In fact, it is important to 
mention that we did not observed contamination could interfere with 
our experiments. Finally, the nanotubes connected to the electrode on 
one side were electrically contacted with a conductive AFM tip on the 
other side. 

3. Results and discussion 

3.1. Lateral force calibration 

In order to quantify the data obtained when the AFM tip was dragged 
onto the surface to move the individual nanotubes, it was necessary to 
calibrate the torsional stiffness. Although several methodologies are 
available [45,46] the dragging of carbon nanotubes on surfaces is not 
usually calibrated [19,33,47,48]. Firstly, the lateral spring constant KL 
can be simply calculated using the equation [49]: 

Fig. 1. Tubes used in the experiments. Scheme of oxidized multiwalled carbon 
nanotubes referred as ox-MWCNTs (top) and their coating with a COF layer 
(referred as ox-MWCNTs@COFs), formed by imine linkage between organic 
building blocks (amine and aldehyde). 
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KN

/
KL = 1

/
2(h/l)2 (1)  

where: KN and KL are the normal and lateral spring constants, h the tip 
height and l the length of the cantilever [50]. The lateral spring constant 
obtained resulted in a value of KL ∼ 690–830 N/m. Using a commer
cially available step grating sample (TGZ1) [51], we repeatedly scanned 
its steps and observed an abrupt change in the lateral force curves 
(Figs. S1 and SI). From the slope of these curves, we calculated a lateral 
force sensitivity of the AFM cantilever of 22 ± 1 mV/nm (Fig. S1E), 
which converts the photodiode lateral signal voltage VL to the torsional 
force FL (N). 

3.2. Optimization of parameters for lateral manipulations 

It was convenient to use the same surface support to enable a direct 
comparison between the two types of CNTs. In addition, it was impor
tant to avoid using surfactants, such as sodium dodecylsulfate [52] that 
could influence the adsorption and subsequent tribology of the CNTs. 
After exploring several options, we chose mica because nanotubes 
adsorption occurred in the absence of surfactant. 

Once the lateral output was calibrated, we changed the sample to 
adsorbed ox-MWCNTs on a mica surface. AFM was used in the dynamic 
mode for imaging, by oscillating the tip at the cantilever resonance 
frequency and engaging the feedback at the amplitude (amplitude 
modulation) [42]. In order to perform lateral force curves, we developed 
a script in the lithography mode of WSxM software [44] (SI). We first 
moved the tip to the origin of the manipulation path and deactivated 
both the driving force and feedback loop of the cantilever. Then, the tip 
was brought to the surface until a certain normal force was reached 
(Fig. 2A1). Subsequently, the tip was laterally moved at a preselected 
velocity on the surface following a path that crossed a carbon nanotube 
at certain angle while the normal and lateral forces were recorded 
(Figs. 2A–2.,3). Finally, the tip was released from the surface to recover 
the initial stage (Figs. 2A–2,4). Topographical images of the nanotube 
were routinely taken before and after the manipulation process. In order 
to maximize the torsion signal, the manipulation paths were perpen
dicular to the cantilever. In addition, the carbon nanotubes were 
selected as perpendicular as possible to the tip path. We also optimized 
the applied normal force and tip velocity. We used normal force values 
ranging from 10 to 100 nN and registered the corresponding lateral force 
curves for each case (Fig. S2). When the normal force was higher than 
30 nN the lateral force curve presented an initial step that corresponded 
to the adherence of the AFM tip at the beginning of the movement due to 
the friction between the tip and the mica substrate. Once this friction 
was surpassed, the sliding of the tip along the substrate resulted in a 
constant lateral force (Figs. 2B and S2). Finally, with a normal force 
above 80 nN the lateral force reached a plateau. We also explored the 
effect of the tip velocities when laterally scanning an 11 nm diameter 
ox-MWCNT adsorbed onto the mica surface (Fig. 2C). We set a normal 
force of 14 nN low enough to avoid the dragging of the nanotube. The 
lateral force profiles obtained (Fig. 2C) were similar to the others [47], 
presenting a peak in the lateral force which corresponded to the 
maximum friction force between the tip and the nanotube, just before 
the tip slipped to the other side of the tube. This peak depended on the 
tip velocity (Fig. 2D) until it reached a plateau at a value around 250 
nm/s. Therefore, we chose this value to perform the manipulation 
experiments. 

3.3. Lateral manipulations of nanotubes 

We applied the lateral nanomanipulation to ox-MWCNTs and ox- 
MWCNTS@COF hybrid nanotubes using the optimized normal force 
(80 nN), a tip path-cantilever angle (90◦) and a tip speed value of ~250 
nm/s. While the manipulation was performed in contact mode, topo
graphical images of both ox-MWCNTs and ox-MWCNTs@COF 

Fig. 2. Manipulation parameters. A) Schematic representation of the AFM tip 
during lateral scanning of a nanotube. B) Effect of the normal load on the lateral 
force. C) Lateral force curves and D) Corresponding maximum torsional force as 
function of the tip velocity. Inset: AFM image of the ox-MWCNT used for the tip 
velocity test with a green line showing the tip path during manipulation). 
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nanotubes were acquired in dynamic mode in order to monitor their 
topographical changes. 

A combination of the nanotube topographical images before and 
after the experiment (Fig. 3A–B, top) with the respective lateral force 
signals (Fig. 3A–B, bottom) helped to identify the different events along 
the manipulation procedure for each type of nanotube. Firstly, the 
lateral force increased when the tip established contact with the tube. In 
the case of ox-MWCNTs (Fig. 3A), the tip found the nanotube at ~170 
nm, and the lateral force increased to 1.85 μN and decreased to 1.08 μN 
at ~300 nm. The width of this peak (130 nm) coincided with the dis
tance of the bending (Fig. 3A, arrow 2). Afterwards, the lateral force 
remained constant up to 400 nm, when the tip completed the path and 
released the tube. This variation of 100 nm coincided with the distance 
that the tube was displaced at the extreme where bending did not occur 
(Fig. 3A, arrow 1). Therefore, we proposed that the tube was bent during 
the lateral force peak and translated without bending at constant force 
afterwards from 300 nm to 400 nm. 

A similar analysis of an ox-MWCNTs@COF tube (Fig. 3B) revealed a 

constant increment in the lateral force during the distance that the tube 
was translated and bent (~230 nm, Fig. 3B red arrow). Fig. 3C shows the 
friction force required to drag the two CNT variants. The thick black 
curve is the average of seven manipulations performed in seven different 
ox-MWCNTs. Each thin black curve is the plot for each nanotube. 
Likewise, the thick and thin red lines are the corresponding plots for 
eight ox-MWCNTs@COF under similar conditions. In particular, all the 
lateral manipulations performed on ox-MWCNTs (Fig. 3C, thin black 
curves) showed similar initial peaks with increments of lateral force up 
to ~1.5 μN which then decreased and reached a plateau just above ~0.5 
μN (Fig. 3C, thick black average curve). By contrast, all ox- 
MWCNTs@COF data (Fig. 3C, thin red curves) showed a monotonic 
increase in the force, which reached almost 4 μN until the tip path was 
completed and the tube was released (Fig. 3, thick red average curve). 
The area below the curves provides the work of the process, which was 
calculated for the first 150 nm of the manipulation path, resulting in 90 
± 30 mJ and 280 ± 20 mJ for the ox-MWCNTs and ox-MWCNTs@COF, 
respectively. Strikingly, the work required to move the hybrid nanotube 
was ~3 times higher than the ox-MWCNT. 

The difference between both values revealed that the COF func
tionalized tubes needed more energy to be slid and/or bent on the sur
face than the oxidized tubes. While in the case of the ox-MWCNTs, it 
appears possible to resolve between the bending and sliding events, in 
the case of the ox-MWCNTs@COF these phenomena appear to be linked 
and governed by the combination of the tube mechanical properties and 
the adhesion to the surface. A nanotube resting on a surface with zero 
adhesion should not bend in order to minimize the elastic energy. 
However, in this case the curvature of the CNT increased the energy 
required to sustain this curvature. This energy is provided in the form of 
adhesion. 

The mechanical properties of ox-MWCNT were endorsed with a 
Young Modulus of 200 GPa [54,55]. By contrast, the COF material used 
to hybridize with the ox-MWCNTs presented a Young Modulus of 3.17 
GPa. [56], which is ~10x lower than the pristine CNT value. Therefore, 
the bending force should be very similar for both nanotube variants. 
Consequently, the higher values of lateral force and work needed to 
deform the ox-MWCNTs@COF on the surface can be explained by these 
tubes having a larger adhesion force with the mica surface. 

In order to further explore this possibility, we performed consecutive 
lateral manipulations (Figs. 4, S3, S4 and S5) by dragging the same tube 
several times. An ox-MWCNTs was translated on the surface through 1.5 
μm (Fig. 4A) by applying 5 consecutive manipulations. In the first three 
lateral pushing events (Fig. 4B, red, dark blue and green arrows) the 
AFM topographies revealed an increased bending of the tube while it 
was dragged over the mica surface. The lateral force data (Fig. 4B) 
exhibited similar behaviour to those in Fig. 3C, showing a sudden in
crease of ~1 μN when the AFM tip established contact with the tube and 
a decrease afterwards. Beyond showing a small force peak when the tip 
found the tube, the subsequent lateral pushing (Fig. 4A, light blue and 
orange arrows) remained almost flat. In fact, the AFM topographies of 
Fig. 4A show that the results of manipulations 4 (blue) and 5 (orange) 
hardly changed the shape of the tube and they only dragged the nano
tube on the mica surface. This suggests that after manipulation 3, the ox- 
MWCNTs nanotube had reached its maximum bending state and only 
slid during the manipulations 4 and 5 (750 nm). These data reveal that 
ox-MWCNTs sliding occurred under lateral forces of 0.25 μN (Fig. 4B, 
light blue and orange curves), well below the peaks of ~1 μN exhibited 
in manipulations 1–3 where bending took place. This fact enabled us to 
discern between the bending and sliding phenomena in ox-MWCNTs. 
However, when trying to perform similar manipulation experiments 
on ox-MWCNTs@COF (Fig. 4C), we achieved the maximum bending 
state of the tube after two lateral consecutive manipulations of 1.5 μm 
(red and blue arrows) and then the third manipulation led to the 
nanotube breaking (green arrow). The lateral force again signalled a 
monotonic increase (Fig. 4D) up to ~4 μN which corresponded to the 
combined sliding/bending phenomena of the tube as occurred with the 

Fig. 3. Single manipulations of tubes. Combination of topographical AFM im
ages of A) ox-MWCNTs and B) ox-MWCNTs@COF nanotubes before and after 
their manipulation together with their lateral force curves along the tip path 
(represented with dotted arrows). Inset: Doubled arrows indicate sliding and/or 
bending events. C) Lateral force curves of 7 and 6 manipulation events for ox- 
MWCNT (black) and ox-MWCNTs@COF (red) respectively (thin lines). The 
thick curves show the average data Inset: work of bending calculated by 
measuring the area below each curve. 
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single manipulations in Fig. 3C. However, after reaching its maximum 
bending state, further manipulations led to the nanotube breaking 
(green coloured tube, Fig. 4C) instead of sliding as occurred with the ox- 
MWCNTs. The breaking was observed when the lateral force decreased 
at 1.2 μm, although it increased again when the rest of the tube was 
dragged and bent (Fig. 4D, green curve). In other words, the adhesion 
energy was so high in the ox-MWCNTs@COF that it was much easier to 
increase the curvature than to induce translation. 

The estimation of the torsional work of the consecutive manipulation 
events (Fig. 5) again resulted in a higher energy in the case of ox- 
MWCNTs@COF (Fig. 5, red). The last two manipulations of ox- 
MWCNT only induced the sliding of the tube (Fig. 5, black -4,5-) with 
an average work of 10 mJ calculated during 150 nm of the path. 
Therefore, it is possible to subtract this value from the previous bending 
plus sliding energies (90 mJ, Fig. 5). Following this procedure, we can 
isolate the bending work in ox-MWCNT for the first three manipulations 
(Fig. 4A,B), which results in 80 mJ (Fig. 5, black arrows). We stated 
before that the difference between the CNT and COF Young Modulus 
implied that the energetic costs of bending ox-MWCNT and ox- 
MWCNTs@COF are similar. Hence, we can roughly resolve the sliding 
work of ox-MWCNTs@COF by subtracting the bending energy value of 
ox-MWCNT from the COF’s values (Fig. 5, red arrows). This rough 

estimation suggests an average value for the sliding work of 10 mJ and 
200 mJ for the ox-MWCNT and ox-MWCNTs@COF tubes, respectively. 
These values point to an approximately 20 times higher adhesion of the 
ox-MWCNTs@COF on the mica surface than the ox-MWCNTs. This 
statement is further supported by the breaking of the COF functionalized 
tube at the third manipulation (Fig. 4C,D, green): the tube was strongly 
held by the surface and could only yield by breaking. 

The enhanced tube-surface interaction for ox-MWCNTs@COF can be 
understood by considering the different chemical nature of the tube 
surfaces. The organic framework used to coat the ox-MWCNTs was 

Fig. 4. Sequential manipulations. A) Topographical image reconstructed from 
the consecutive manipulations of one individual ox-MWCNT nanotube during 5 
events. B) Corresponding lateral force curves. C) Cartesian coordinates of ox- 
MWCNTs@COFs nanotubes during 3 nanomanipulation events merged to 
topographical images (light colour image). D) Corresponding lateral force 
curves. Their manipulations are represented with coloured arrows and the 
positions where the tip finds the nanotube are highlighted by dashed lines in 
the lateral force curves. 

Fig. 5. Work of manipulations. Torsional work calculated for the first 150 nm 
of consecutive manipulations of Fig. 4 for ox-MWCNTs (separation of bending 
and sliding) and for ox-MWCNTS@COF (combined bending and sliding). 
Assuming that the bending of the hybrid should be similar to that of the ox- 
MWCNTs, the large differences in the work are ascribed to the increased 
work of sliding in the hybrid. 

Fig. 6. Electrical transport. A) Set-up used for electrical conductance mea
surements and AFM image of selected area including the electrical circuit. B) 
I–V characteristics of gold electrode, ox-MWCNTs and ox-MWCNTs@COF 
(zoom in the inset). 
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assembled through condensation of amines and aldehydes to form a 3D 
architecture based on the formation of imine linkages. Therefore, the 
surface of such material contains aldehyde and amine groups as surface- 
defective sites. Such organic fragments are very polar and can establish 
relatively strong dipole-dipole interactions with polar groups of the mica 
surface or even hydrogen bonding interactions. By contrast, oxygenated 
fragments in ox-MWCNTs are much less prevalent on its surface, which 
is characterized by graphenic regions that interact poorly with the mica 
substrate. These distinctive molecular interactions determine the 
different adhesion observed for ox-MWCNTs@COF and ox-MWCNTs. 

3.4. Electrical measurements of nanotubes 

In order to further disclose the physical changes induced by COF on 
the tubes, we probed their electrical properties. We prepared a set-up 
(Fig. 6A) by contacting the nanotubes with a pre-evaporated Ti/Au 
mask which acted as an electrode [57]. Part of the tube was in contact 
with the gold and then, we used a conductive AFM tip with a Cr–Pt 
coating (ElectriMulti75-G from BudgetSensors) as a second mobile 
electrode to establish electrical contact with the uncovered part of the 
tube. (Fig. 6A, right) [58]. 

Firstly, we tested the conductive tip on the Ti/Au electrode by 
approaching the tip to contact and measured ohmic behaviour with a 
resistance of 5 kΩ (Fig. 6B, black). The current controller provided this 
minimum contact resistance to prevent a high current that could damage 
the tips. Subsequently, after stabilising the mechanical contact of the tip 
with the tube, we applied voltage ramps to measure the tube I–V (in
tensity current vs. voltage) responses (Fig. 6B) [58]. The ox-MWCNT has 
a near-ohmic I–V (Fig. 6B, red) with a resistance of ~0.3 MΩ which 
accounts for the existence of different electronic characteristic tubes 
(metallic and semiconductor) within the ox-MWCNT structure [57]. 
This electrical behaviour was deeply altered with COF functionalization 
(Fig. 6B, blue), presenting a non-linear and asymmetric rectifying 
behaviour with a resistance of ~3.3 MΩ. This resistance value corre
sponded to the slope when the current started to increase at voltages 
higher than 0.5 V. The current flow was enabled at a voltage higher than 
0.5 V as could be seen by the high current increase whereas it was 
blocked between − 1 and 0.5 V. For the lower voltages, a very small 
increase in current could be observed (Fig. 6D, inset). 

These results are consistent with metallic-semiconductor junctions 
(p-n diodes) formed at the interface of two constituents [59]. In fact, in 
the case of this hybrid, the imine linkages of the COF material form an 
extended electron-rich conjugated system, rendering to a p-type semi
conducting behaviour [60], which can facilitate the formation of a 
Schottky junction at the interface with the ox-MWCNTs, which finally 
enables the electron transport with high mobility [61,62]. 

4. Conclusions 

We used AFM to manipulate ox-MWCNTs and a hybrid ox- 
MWCNTs@COF adsorbed on a mica surface by performing lateral 
force curves. This work demonstrates that the presence of a COF layer 
modifies the properties of the nanotube surface with two consequences. 
Firstly, the tribological response of this new hybrid nanotube (ox- 
MWCNTs@COF) compared with that of ox-MWCNTs results in an 
adhesion of ox-MWCNTs@COF of about 20 times higher than the ox- 
MWCNT. Secondly, the change in the surface properties of nanotubes 
as a result of the COF coating was also observed when the electric 
conductivity was studied at the nanoscale. For this purpose, we used a 
conductive AFM tip as a mobile electrode to determine the electronic 
transport of the oxidized MWCNTs and the ox-MWCNTs@COF hybrids. 
These experiments have demonstrated that the ox-MWCNTs@COF hy
brids exhibit a lower conductivity than their ox-MWCNTs counterparts 
and they present rectifying behaviour and they present rectifying 
behaviour. These observations can have a significant impact on the use 
of CNT’s in nanoelectronic devices. These results open up the possibility 

of being able to fine-tune the mechanical and electrical properties of the 
nanotubes from their synthesis which is very relevant in the develop
ment of applications such as field-effect transistors (FETs) or ambipolar 
and n-type nanotube transistors). 
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