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ABSTRACT: Measurement of the angular and overlap dependence of the conduction between 

two identical carbon nanotubes (CNTs), with the same diameter and chirality, has only been 

possible through theoretical calculations; however, our observation of increased resistance 

adjacent to the junction between two CNTs facilitates such measurements. Since electrical 

resistance was found to increases with increased diameter ratio, applying 10 V to one of 

dissimilar diameter CNTs results in cleavage at the junction. Manipulation of the resulting 

identical CNTs (created by cutting a single CNT) allows for the direct measurement of the 

angular and parallel overlap conduction. Angular (13<θ<63°) dependence shows two minima 

(22° and 24°) and a maximum at 30°, and conduction between parallel CNTs increases with 

overall tip separation, but shows a sinusoidal relationship with contact length, consistent with 

the concept of atomic scale registry. 
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Understanding the factors that control conduction between carbon nanotubes (CNTs) is 

fundamental to the optimization of CNT fiber conductors,1 which offer potential as a 

lightweight replacement for copper.2,3 The performance of CNT fiber conductors has been 

shown to depend on the purity of the CNTs, the addition of dopants, and the density of the 

fiber.1,4 The latter is usually associated with alignment of the CNTs; contrarily, the electrical 

resistivity in the direction perpendicular to the CNT in a bundle or fiber can be several times 

higher than that in the parallel direction, 5,6 and the electrical resistivity in a disordered mat of 

CNTs was found to be 20x than that of its constituent CNTs.7 Computational studies show that 

there is a significant angular dependence for the conductivity between two crossed single 

walled carbon nanotubes (SWCNTs), that varies whether identical or different chiralities are 

considered.8,9 The optimum conduction is proposed to be related to the alignment of the 6-

member rings within the CNTs. Unfortunately, obtaining experimental verification of this 

effect is fraught with difficulties, not the least the statistically negligible chance of picking two 

CNTs with the same diameter and chirality from any batch, because SWCNTs exist as dozens 

of chiralities and associated diameters, while MWCNTs have the additional complication of 

variations in the number of side walls: making it essentially impossible to pick two identical 

CNTs from a sample.10,11 Nevertheless, a measurement of the contact resistance versus angle 

for multi walled carbon nanotubes-highly oriented pyrolytic graphite (MWCNT-HOPG) 

interfaces showed that there was a periodic relationship with minimum resistance at 0°, 60°, 

120° and 180° clearly associated with the C6 cyclic structure, plus another minimum ~25°.12 

We have recently undertaken detailed 2-point probe measurements of the electrical properties 

of individual MWCNTs,13 where the presence of a depletion zone surrounding the junction 

with the tip resulted in increased resistance when the tips were sufficiently close to allow 

overlap of the depletion zones (<4 μm). This observation led us to investigate if there was a 

similar depletion region at the junction of two CNTs when crossed. 



 Manuscript submitted to Nano Letters  

 

3 

 

MWCNTs were synthesized via chemical vapor deposition (CVD) using a table top 

horizontal tube reactor to heat a carbon source of toluene and ferrocene as an iron catalyst to 

750 °C.14 The MWCNTs were subjected to microwave irradiation followed by chlorine 

treatment to remove the majority of residual iron catalyst.15 The MWCNTs synthesized were 

of varying lengths (<40 μm) and diameter (<200 nm) and were drop cast on to the native oxide 

of a Si wafer from ethanol suspensions. The substrate’s resistivity was >103 higher than all the 

MWCNT measured. The sample was annealed in vacuum at 500 °C for one hour to increase 

the reproducibility of the contacts.13 The 2-point probe measurements were obtained in an 

Omicron Lt Nanoprobe equipped with SEM column (base pressure 1 x 10-11 mbar) using 

tungsten STM probes that were etched in 2 M KOH solution,16 and annealed under vacuum to 

minimize the effects of the shank oxide on the electrical measurements and to increase contact 

reproducibility.17,18 The tips were manually approached onto the CNTs to prevent strain on the 

CNTs that could affect the resistance measurements.19 For CNT crossing experiments, the first 

tip was landed on a nanotube at 2 μm away from any crossing points. The second tip was landed 

on the same nanotube at least 2 μm away on the other side of the crossing point. Voltage current 

spectra where collected by sweeping the voltage from -1 V to +1 V and 5 spectra where 

collected at each site. SEM beams can affect resistance measurements, therefore for during the 

collection of all IV measurements, the SEM beam is switched off. The second tip was then 

moved to manually approach the nanotube within 50 nm of the crossing point, and the IV 

measurements were repeated. Measurements were take also take on all sides of the cross as 

well as on the cross itself. Ten crossing points where measured in this way.  

 Figure 1 shows representative SEM images of two MWCNTs with the location of 

electrical measuring points along with the resistances measured at each point. Multiple 

measurements were taken along the MWCNT and all 2-point probe measurements were 

repeated 5 times at the same point with ±1 V bias using an Omicron Lt Nanoprobe (see 
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Supplementary Material). The resistance measured at ±1 V on the lower MWCNT away from 

a crossing point (Figure 1a and f) was of the order of 30 kΩ; however, when the tip was landed 

close to the crossing point the resistance increased to 80.5 kΩ (Figure 1b). This effect only 

occurred when the tip was landed on the lower of the two crossing carbon nanotubes. When 

resistance measurements are made of the MWCNT lying on top of the cross (Figure 1d), it was 

found that proximity to the cross did not affect the result, even when the probe was landed on 

top of the crossing point (Figure 1c). We attribute this increased resistance to a formation of a 

depletion region induced in the crossing area by the tubes which results in upwards band 

bending as the probe is brought into contact causing a more rectifying contact, this also 

indicates that the nanotube as semi-conducting.13  

When there is a large miss match in the two MWCNT diameters, the increase in the 

resistance measured at the crossing point can be up to 3 orders of magnitude higher, with 

resistance near the crossing point being measured in the regions of MΩ compared with kΩ 

away from the crossing point (i.e., Figure 2a and b). Figure 2 shows the normalized I-V plots 

of two crosses where the nanotubes are of similar diameter and miss-matched diameter. From 

Figure 2e and f, the I-V plots measured close to the crossing point (red line) are more rectifying 

than those measured away from the crossing point (blue line). The contact also becomes more 

rectifying when the diameters of the crossing tubes are more dissimilar (i.e., Figure 2f). Figure 

2g shows a graph of resistance ratio against the diameter ratio. The resistance ratio is the 

resistance measured at 1 V of the tube divided by the resistance measured at 1 V near the 

crossing point on the bottom tube. The diameter ratio was calculated by dividing the diameter 

of the lower tube by the diameter of the upper tube.  

We believe the origin of the depletion region is electrostatic and is a result of the 

electron rich π-bonds repelling at the crossing point surfaces, creating a region devoid of 

electrons.20,21 There is also the possibility that the small top tube allows for measurements to 
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be taken closer to the contact point of the cross therefore measuring at a location at the center 

of the depletion region; however, we do not believe this is the case as measurements on small 

similar diameter tubes give us the ability to measure very close to the point, and did not show 

higher resistances. Another possibility is that the high concentration of electrons on the surface 

of smaller diameter tubes results in a high electric field therefore creating a large depletion 

region.  

To test if these areas of increased resistance near the crossing point of MWCNTs can 

result in electrical breakdown the probes were brought in contact with a nanotube on either side 

of a cross and the voltage swept to +10 V, as this voltage in known to break MWCNT.22-24 

Figure 3a shows the tips approached on nanotubes of similar diameter and Figure 3b shows the 

tips approached on two tubes of differing diameter. In both cases, after 10 V was applied both 

tubes suffer electrical breakdown. In the case where the probes were contacted near a cross of 

similar diameter the tube broke apart under the tip-nanotube contact point indicating the region 

of highest resistance, most likely due to contact resistance (Figure 3c). Where the probes are 

landed near a cross with tubes of differing diameter, the tube broke apart at a point of high 

resistance near the crossing point (marked in Figure 3d). It was found that running 10 V across 

the nanotube also results in the tip bonding to the two halves of the original MWCNT. This 

allows for manipulation of the tubes or in the case where the tube is on the bottom of the cross 

the removal of a section of the tube (see Supplementary Material). The most important result 

of this experiment is that two MWCNTs are created by cutting a single MWCNT; meaning that 

they are guaranteed to be the same diameter and chirality, also since the two halves of the tube 

are bonded (welded) to the tips, the contact between the tip and CNT does not change. This 

provides a unique experimental approach to confirm theoretical models of the angular and 

overlap dependence of the electrical conduction of CNT…CNT junctions.  
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Figure 4 shows the variation in the CNT…CNT contact resistance as a function of the 

crossing angle. The contact location was kept constant for all angles to ensure variation in 

surface did not affect the resistance measures, and as the tips are bonded to the CNTs contact 

resistance between the tips and CNTs does not change. The plot shows a similar double dip 

predicted by calculations for a junction between two (10,10) SWCNT, where the dips are 

proposed to be 60° apart and represent when the CNTs are in-registry, i.e., the C6 rings are 

aligned.8 As crossing angle is reduced the contact area increase therefore resistance will 

decrease, however for rigid tubes, of low diameter the change in contact area of the angle range 

measure will be negligible. Here, the MWCNTs appear “in-registry” at 22° and 44°. This would 

suggest that the concept of “in-registry” is looser for larger diameter MWCNTs as compared 

to idealized small diameter SWCNTs. We caution that the exact angle measurement is difficult 

to determine at the junction and it is inferred by the angles of the MWCNTs near the junction; 

however, there the angular dependence to the junction resistance is undisputed. It is interesting 

to note that the variation is ~3x; comparable to the theoretical values.8 We have repeated the 

measurements with multiple samples and show similar results albeit with small shifts in the 

conduction minima as a function of junction angle.  

It is also possible to manipulate the two halves of a cut MWCNT in a parallel manner 

(Figure 5a) to allow for the measurement of the conductance on the contact length, l (Figure 

5b). Once arranged in a parallel manner the tips may be used to pull the MWCNTs apart while 

remaining attached, at 0.1 nm increments. It has previously been calculated that the dependence 

of conductance on l is nonlinear and quasiperiodic but the periods are different depending on 

the chirality of the CNTs: armchair = 3a and zig-zag = a, where a = the unit cell parameter.8,9 

As may be seen from Figure 5c, there is a general increase in resistance with increased distance 

consistent with an overall tip-to-tip separation as seen previously for individual MWCNTs. 

Over this is a clear periodic variation with a periodicity of ca. 2-3 Å, which is consistent with 



 Manuscript submitted to Nano Letters  

 

7 

 

an armchair unit cell (2.45 Å). The same periodicity was found in earlier experiments and 

theoretical calculations on the scanning tunneling microscopy images of nanotubes.25 The data 

shows a noise overlaying the periodic variation, which we attribute to variations in alignment 

as one MWCNT is pulled with regard to the other. In order to confirm the periodic peaks from 

the noise, a Fast Fourier Transfer (FFT) was performed on 4 repeat measurements and the 

average FFT is shown in Figure 5d), the x-axis has been converted from the frequency domain 

to the special domain in to show the period, which can be seen to be 2.46 Å with another 

broader peak center between 4.5 Å and 5 Å which we attribute to the harmonic.  

Employing the increased resistance at CNT…CNT junctions between dissimilar-

diameter CNTs allows for a unique approach to the measurement of the electrical junction 

resistance between CNTs that are guaranteed to be of the same diameter and hence chirality, 

by cutting an individual CNT and manipulating the two halves.  

 

Supporting Information 

Experimental for 2-point probe measurements, additional SEM images for CNTs being 

manipulated, additional plot of resistance against crossing angle dependence, additional I-V 

plot, additional plot of resistance against displacement dependence, and videos for tubes being 

manipulated.  
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Figure 1. SEM images of measurements taken around a crossing point of two MWCNTs with 

the average resistance (@ 1 V) measured for each position. (a and f) are measured on the lower 

larger diameter MWCNT away from the junction; (b) is measured on the lower larger diameter 

MWCNT close to the junction; (c and d) are measured with one tip on the upper small diameter 

MWCNT; (e) is measured with one tip on the upper small diameter MWCNT away from the 

junction.  
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Figure 2. Diagram of crossing MWCNT showing depletion region (a and b), with associated 

band diagrams (c and d) showing upwards band bending when tip contacts the CNT, and 

normalized I-V curves of two MWCNTs of (e) similar diameter and (f) miss-matched diameter 

showing the measurement taken with the tips in the positions shown in (a) and (b), as blue and 

red lines, respectively. (g) Plot of diameter ratio for two crossed MWCNTs (dlower/dupper) as a 

function of ratio of the resistance measured of the MWCNT (a) and the resistance (@ 1 V) 

measured near the crossing point on the bottom tube (b). Error bars where calculated using the 

standard deviation from the 5 current measurements and propagated using the quotient rules 

and the uncertainty in the diameter measurements again and propagated using the quotient 

rules. 
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Figure 3. SEM images of tungsten probes positioned on a MWCNT crossing another MWCNT 

of (a) similar diameter and (b) of differing diameter, and after a voltage is swept from -10 V to 

10 V through the MWCNT breakage occurs as shown in (c) and (d), respectively, showing the 

dependence on the breakage point of the variance in MWCNT diameter. The red circle and 

green square mark the breakage point.  
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Figure 4. Series of SEM images (scale = 2 μm) showing the two parts of an individual 

MWCNT that has been cleaved and manipulated (see Supplementary Material) to create a 

crossed junction, where the angle can be altered to (a) 19° and (b) 55°. (c) Plot of resistance 

measured at +1 V and -1 V as a function of junction angle showing the angular dependence.  
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Figure 5. (a) SEM image two halves of the same nanotube manipulate to lie on top of each 

other as shown schematically in (b). (c) Plot of resistance measured at 1 V as a function of 

distance slid. The red line in (c) is based upon a simple model taking into account the 

periodicity of the lattice of CNTs and 0.1 nm drag of the top nanotube. The model is not 

intended to be an exact match of the experimental data but instead is to highlight the repeating 

features and peak shapes in the experimental data. (d) Plot of average FFT against period of 

the resistance against distance slid. 
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