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a b s t r a c t 

The material properties of graphene and carbon nanotubes are highly sensitive to defects. Future exploita- 

tion of these materials will thereby rely on both a detailed understanding and classification schemes for 

material quality. Here we have used electron diffraction to measure the mean effective crystallite size of 

individual multiwalled carbon nanotubes, while also probing their electrical resistance. At room temper- 

ature we find a drastic shift in linear resistance of two orders of magnitude at a critical grain size of 

about 11 nm, which we interpret as an effect from quantum confinement and edge effects in the individ- 

ual crystallites. For the regions above and below the critical grain size value we suggest a scaling model 

for the electrical conductivity within a single layer of a multiwalled carbon nanotube which connects its 

electrical conductivity with the effective crystallite size and tube diameter. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1

h

m

s

p

m

c

d

d

f

t

e

t

r  

w

b

z

d

t

i

t

t

i

t

e

v

u

a

k

e

w

t

n

s

t

a

w

a

v

e

w

t

g

h

2

. Introduction 

Carbon nanotubes (CNTs) display material properties that are 

ighly interesting, such as high mechanical stiffness and high ther- 

al and electrical conductivity. These properties are known to be 

ensitive to the quality of the nanotubes and indirectly to the 

roduction method, as for example the arc-discharge production 

ethod utilises high temperature providing a superior crystallinity 

ompared to the lower temperature growth by chemical vapour 

eposition (CVD). The mechanical stiffness can vary with an or- 

er of magnitude depending on the material quality [1,2] with 

urther effects on the whole mechanical behaviour [3] . Produc- 

ion method and tube crystallinity also affect the behaviour of the 

lectron transport; for nanotubes grown by arc-discharge electron 

ransport is considered to be quasi-ballistic, and the current is car- 

ied by the outermost layer for distances of up to about 1 μm [4] ,

hile for tubes grown with CVD the electron mean free path have 

een found to be very short, even below 10 nm [5] . Characteri- 

ation of commercially available carbon nanomaterials reveal large 

ifferences within CNTs sold under the same description [6] , and 

he need for classification systems [7,8] is long known and ongo- 

ng. Previous studies have found a general scaling behaviour for 

he bending modulus and its dependence on the crystallinity of 
∗ Corresponding author. 
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he sample [9] , and a similar study for the electrical conductance 

s highly desirable in order to understand the large variations in 

he reported electrical conductance properties. Even when consid- 

ring only arc-discharge grown materials, there are still large pre- 

ailing variations in the observed values for tube resistance per 

nit length, or linear resistance. In four probe measurement there 

re reports of 0.2–86 k �/μm [10] , 1.4–10.4 k �/μm [11] and 6–25 

 �/μm [4] , without any apparent cause for the large differences, 

ven within the same experimental set-up. Another study [12] , 

hich used two-probe measurements found similar variations in 

he linear resistance, and a large spread (about two orders of mag- 

itude) in the estimated band gaps of semiconducting tubes. 

Here we study the crystallinity and electrical conductance of 

uspended, arc-discharge grown, tubes inside a transmission elec- 

ron microscope. By characterizing individual tubes in terms of an 

verage crystallite size L a in the graphene plane along the tube, 

e can study its influence on the electrical conductance. We find 

 profound effect from a limited crystallinity; the linear resistance 

aries from 3–300 k �/μm and this can be directly correlated to the 

ffective size of the crystallites. Furthermore, we present a model 

here the conduction is described by modelling the outermost 

ube layer as polycrystalline graphene, with individual graphene 

rains with a sheet resistance, connected via grain boundaries, 

ith a boundary resistivity. We extract values for these parame- 

ers and find that both of these depend critically on the crystal- 

ite size. For crystallite sizes below about 10nm, both the sheet re- 

istance and boundary resistance are very high and approximately 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Schematic of the experiment setup. The sample which contains CNTs is 

glued to a silver wire. The platinum coated tungsten tip is brought close to the 

sample by controlling the piezo. The tip makes contact with a selected CNT at sev- 

eral different points of contact along the tubes length. 
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qual in strength. For larger crystallite sizes the sheet resistance 

ecomes very low, and the conduction is compatible with a ballis- 

ic behaviour where the total conduction is limited by scattering 

t grain boundaries. We interpret these effects as a combination 

f quantum confinement and edge effects in the individual crystal- 

ites which dominate the behaviour for smaller grain sizes. 

. Experimental 

Measurements were performed at room temperature using a 

EOL (JEM 2100) transmission electron microscope (TEM) equipped 

ith a LaB 6 cathode and a digital camera from Gatan (SC10 0 0 

rius). The main column is pumped with a turbo pump and with 

he anti-contamination device cooled with liquid nitrogen, the base 

ressure was around 7 × 10 −8 mbar. The acceleration voltage was 

ept at 90 kV in order to avoid electron beam induced knock-on 

amages of the samples [13] . For calibrations of the scale in the 

iffraction pattern and estimates of the intrinsic angular spread in 

he TEM beam, we have used oriented single-crystal gold foils ob- 

ained from Electron Microscopy Sciences. 

For the diffraction analysis we used a selective area aperture 

ith an effective diameter of about 105 nm in the image plane. 

he camera distance for diffraction was set at 40 cm. The exposure 

ime for diffraction images varied between 40–60 s, depending on 

he general brightness of the pattern being captured. Diffraction 

mages were used to determine the mean crystallite grain size L a , 

s described elsewhere [9] . 

For electrical measurements a scanning tunnelling microscope 

STM) with a compact, three-dimensional, inertial slider design 

14] was fitted into the TEM sample holder. The STM probe was 

tted with a thin platinum coated tungsten tip bought from 

augaNeedles TM , which was used as an electrode. The choice of 

aterial of the electrode was to ensure a relatively low and re- 

roducible contact resistance between tip and sample [15] . The tip 

ould then be moved during TEM operation, using the piezo in the 

TM, to interact with the sample. The probe also has the ability to 

pply a varying voltage bias while measuring the electrical current 

n a time series. 

Multiwalled carbon nanotubes (MWCNTs) grown by arc- 

ischarge obtained from Professor Hui-Ming Cheng at the Institute 

f Metal Research, Chinese Academy of Sciences, Shenyang, China 

ere used. A small amount of the nanotube powder was mounted 

ith conducting glue to the apex of a thin silver wire, and placed 

lose to the STM tip. The outer diameters of all tubes measured 

ere in the range of 7–25 nm with a mean value of 14 nm. 

. Results and discussion 

.1. Method 

A carbon nanotube sufficiently protruding from the sample was 

elected for measurement. A measurement of the tube inner- and 

uter diameter was made, as well as the overall length of the tube 

rom where the tube makes contact to the rest of the sample to 

he tube end. The STM tip was then brought closer to the tube 

ntil contact was made and the distance from the point of contact 

o the main sample was measured. 

End-contact between the electrode and the CNT is known to 

ave a significantly lower contact resistance than side-contact [15–

7] due to the possible atomic bonding at the tube end, compared 

o van der Waals bonds on the side of the tubes. Furthermore, 

nd-contact may also increase the probability of accidentally con- 

ecting the electrode to multiple tube walls [18] . For these rea- 

ons, only side-contact was used during electrical measurements. 

 schematic of the experimental setup is shown in Fig. 1 . 
2 
When making a mechanical contact between the tip and the 

uter tube wall, the contact resistance can be relatively high with 

arge variations. In order to minimize such variation between dif- 

erent points of measuring, annealing by Joule heating was im- 

lemented [19] . Through testing it was determined that by apply- 

ng a voltage bias of 2 V with currents of around 30–100 μA for 

0 s, a reproducible and sufficiently low contact resistance could 

e achieved, without damage to the sample. 

Measurements were then made by applying a bias voltage 

hich was varied over 2 s from negative to positive bias. The max- 

mum voltage for measuring was ±5 mV, keeping the voltage rela- 

ively low in order to avoid significant tunnelling between the CNT 

alls, and thus ensuring single-wall conduction in the outermost 

ube wall [4] is the dominating mode of electron transport. During 

he electrical characterisations, the electron beam from the TEM 

as directed away from the sample in order to prevent beam- 

nduced damage and amorphous carbon deposition. This process 

as repeated at several points along the tube. 

Lastly, a diffraction analysis of the tube was made in order 

o determine the effective crystallite size L a of the graphene-like 

tructure of the CNT wall. Diffraction analysis was done after elec- 

rical annealing and measurements since the electrical characteri- 

ation process was found to have no significant impact on the crys- 

allinity. A complete description of the method used for crystallite 

ize determination can be found in [9] . The method provides an 

verage value of the effective crystallite size in a region of about 

05 nm along each tube. 

.2. Analysis and modelling 

Electrical conduction was modelled by assuming electron trans- 

ort in only the outermost CNT layer. For conduction in a two- 

imensional medium, such as a single layer of a CNT, it does not 

ake sense to talk about resistivity as one would for a macro- 

copic conductor. In this case the relevant quantity is instead the 

otal sheet resistance R tot 
s of a square sheet in the tube layer. The 

ide width of such a sheet is the tube’s circumference, so we fo- 

us on the resistance of a square section of the tube layer with a 

ength equal to the tube circumference. The linear resistance R linear 

f the outermost tube layer as measured along the tube is thereby 

sed in combination with the tube circumference to calculate R tot 
s , 

hich is used as the dependant variable in the model. 

The current/voltage relationship was linear and thus ohmic in 

he measured region. For each point of contact with a CNT, two 
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Fig. 2. (a) Example of an I/V measurement from one point of contact (raw data). 

Bias voltage was varied from −5 to +5 mV. (b) Differential resistance d V/ d I plot- 

ted for the same measurement. The fitted dashed line corresponds to the average 

measured resistance R point of the point of contact. 
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Fig. 3. (a) Example of measurements along a CNT. Each point of contact is num- 

bered chronologically. (b) The corresponding linear fit of the numbered measured 

points. The slope of the line corresponds to the linear resistance R linear of the tube 

outermost layer and the intersection with the y-axis to the total contact resistance 

R contact of the measurement setup. 
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1 Since chirality data was not measured here, one should be aware that there 

remains an uncertainty stemming from chirality of at most a factor two (but con- 

siderably less for larger diameters) for each data point in Figs. 4 and 5 . 
/V curves were measured, one by varying the bias from negative 

o positive, and one by varying from positive to negative. Due to 

 systematic rounding error in a digital-to-analog converter, off- 

ets in the applied bias values of magnitude 0.035 mV occurred 

t bias points 0 mV and ±2.44 mV. After correcting for the off- 

ets, the differential resistance d V/ d I was calculated by piecewise 

inear regression partitioned into intervals of about 1 mV centred 

round each point ( I, V ). Finally, the mean value of the differential 

esistance calculations for both curves was taken as the electrical 

esistance R point for each measured point of contact. An example of 

his process is shown in Fig. 2 (a), which shows an I/V curve taken 

rom positive to negative bias, and Fig. 2 (b), showing the calculated 

ifferential resistance after offset corrections. 

R point at different positions was then plotted versus the length 

 point between the main sample and the point of contact, and a 

inear fit was made, assuming 

 point = R linear · l point + R contact , (1) 

here the fitting parameters R linear is the linear resistance of the 

utermost tube layer and R contact is the total sum of contact resis- 

ances between the main sample, the specific tube and the probe 

lectrodes. A typical example of this is shown in Fig. 3 and ob- 

ained values of R linear for various tubes are plotted versus their 

uter diameter in Fig. 4 . 
3 
We find a spread in linear resistance similar to what was found 

reviously for example in [4,10–12] for similarly sized MWCNTs. 

or single-walled CNTs with small diameters, such a spread in re- 

istance can largely be accounted for by a metallic/semiconductor 

plit in the data due to chirality, as has been observed for example 

n [20–23] . In this study however, electrical conductance was lim- 

ted to the outermost layers of MWCNTs with diameters of 6 nm 

nd above, making this effect smaller as the conductance at room 

emperature will likely only differ by about a factor of two or less 

23] . By inspection of Fig. 4 , a much larger spread of two orders of

agnitude can be seen, and it is clear that tube diameter and chi- 

ality alone cannot account for the spread in linear resistance seen 

n the data 1 . Instead we find a strong correlation between linear 

esistance R linear and effective grain size L a , as shown in Fig. 5 . 

The conducting outer tube layer was modelled to consist of 

 number of parallel connected channels N parallel , each channel 

onsisting of a serial connection of graphene-like grains intercon- 

ected by resistive boundaries, each such chain connecting N serial 

rains and boundaries in a section of the tube which is l section 
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Fig. 4. Linear resistance plotted versus the outer diameter d o . 

Fig. 5. Linear resistance plotted versus the effective grain size L a . 
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ong (see Fig. 6 ). It should also be noted that each grain-boundary 

hain is connected with its two neighbouring chains at every grain, 

hich impacts the overall resistance. However, for sufficiently long 

istances between electrodes the voltage difference between par- 

llel conduction chains tends to zero, meaning there is no current 

etween grains across the tube, only along it. 
ig. 6. (a) Schematic figure of the conduction model where R s is the within-grain sheet

rain size. (b) Schematic in terms of resistors where N serial is the number of resistor cou

hains around the circumference of the tube. 

4 
The grains were assumed to have a constant sheet resistance 

 s and the boundaries between grains a constant resistance ρb di- 

ided by l b , the length of the boundary. The resulting expression 

or the linear resistance of a section of tube is 

1 

R linear · l section 

= 

N parallel 

N serial 

· 1 

R s + 

ρb 

l b 

. (2) 

We approximate that the number of parallel chains in a tube is 

he tube circumference divided by the effective grain size N parallel = 

d o /L a , and the number of grains and boundaries in each chain 

s the tube section length divided by grain size N serial = l section /L a . 

ote that the number N parallel can not physically be smaller than 1, 

owever for this specific batch of CNTs a sufficiently large effective 

rain size L a was never found to span the entire tube circumfer- 

nce. 

The average boundary length between grains is assumed to be 

irectly proportional to the effective grain size, that is l b = c · L a , 

here c is a dimensionless constant close to 1 depending on grain 

hape geometry. Assuming a square-shaped grain we can take this 

onstant to be c = 1 , resulting in l b = L a . The length of the tube

ection cancels out, and we obtain an expression for the linear re- 

istance 

 linear = 

1 

π · d o 
·
(
ρb 

L a 
+ R s 

)
. (3) 

his relationship is analogous to the scaling law derived for 

olycrystalline graphene in [24] and further explored in [25] . 

quation (3) shows how R linear of an individual CNT depends on 

he tube’s diameter and crystallite size, given the two material spe- 

ific parameters sheet resistivity R s and boundary resistivity ρb . 

owever it is important to note that these two parameters are 

ot necessarily identical for all carbon nanotubes, as is examined 

urther below. By moving the factor πd o to the left hand side, 

e get an equation for the outermost layer total sheet resistance 

 

tot 
s = R linear · πd o , given by 

 

tot 
s = 

ρb 

L a 
+ R s , (4) 

hich is valid for a specific CNT given its material parameters. 

The effective crystallite grain sizes L a were measured to be 3.0–

0.7 nm with a mean value 14.2 nm and the linear resistance 

 linear was found to be between 3.4–305.0 k �/μm with a mean 

alue of 98.4 k �/μm (the complete dataset can be found in the 

upplementary material [26] ). Upon early analysis of the relation- 

hip between R linear and L a a significant difference in resistance of 

bout a factor 25 was found between tubes with L a < 10 nm and 
 resistance, ρb is the boundary resistivity, l b is the boundary length and L a is the 

ples R s and ρb /l b in the tube section, and N parallel is the number of such resistor 
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Fig. 7. Linear fit of the total sheet resistance against 1 /L a for L a < 10 nm, according 

to Eq. (4) . The slope of the line corresponds to the boundary resistivity ρb and the 

intersection with the y-axis corresponds to the within-grain sheet resistance R s . 

Fig. 8. Linear fit of the total sheet resistance vs 1 /L a for L a > 12 nm, according to 

Eq. (4) . The slope of the line corresponds to the boundary resistivity ρb and the 

intersection with the y-axis corresponds to the within-grain sheet resistance R s . 
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Fig. 9. Linear conductance of CNT vs grain size measured at room temperature and 

fitted with a “universal curve”. Each region was plotted according to Eq. (5) with 

parameters taken from Table 1 . Since Eq. (5) also depends on the tube outer diam- 

eter d o , we have used the mean value of the outer diameter of the dataset, which 

was 14 nm. For each region the curve is slightly extended beyond its valid interval 

(dashed line) to indicate the continued shape. To illustrate the influence of outer 

diameter, the curve was also plotted using d o = 7 nm (the lower dash-dotted line) 

and with d o = 25 nm (the upper dash-dotted line). The transition from one curve 

to the other was done by using Eq. (6) and (7) . 

Table 1 

The fitted results for both regions of grain 

size. 

CNT grain size R s ρb 

L a < 10 nm 2.5 k �/ � 17 �·μm 

L a > 12 nm 54 �/ � 3 �·μm 

e
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w  
hose with L a > 12 nm, with a very sharp threshold at L a ≈ 11 nm

see Fig. 5 ). Since the difference of the two regions was found to 

e so large, the two distinct regions of L a were fitted separately. 

ata points in the transition region 10 nm < L a < 12 nm between 

he interval of the two regions were not included in the separate 

inear fits. 

The total sheet resistance R tot 
s for each CNT with grain size 

 a < 10 nm was calculated and fitted linearly against 1 /L a in ac- 

ordance with Eq. (4) , to find the values of ρb and R s . The lin-

ar fit can be seen in Fig. 7 . The sheet resistance R s was found

o be 2.5 k �/ � and the boundary resistivity ρb was found to be 

7 ��μm. The same analysis was applied to CNTs with grain size 

 a > 12 nm, as seen in Fig. 8 . The sheet resistance R s was found

o be 54 �/ �, and the boundary resistivity ρb was found to be 3 

�μm. The results are summarised in Table 1 . 

.3. Summary and discussion 

By studying the influence of crystallinity on electrical conduc- 

ance we have found a sharp threshold and a drastic shift in linear 

esistance at a critical value for the mean crystallite size L a within 

he outermost CNT layer. At room temperature this critical thresh- 

ld point was found to be around 11 nm. After splitting the mea- 

urements into two regions, L a < 10 nm and L a > 12 nm, we have
5 
xtracted values for within-grain sheet resistance and between- 

rain border resistivity for each group. 

Below the critical point L a ≈ 11 nm the tubes become signifi- 

antly less conductive. We find that this stems from a significant 

ncrease in both grain sheet resistance and boundary resistivity 

elow the L a threshold. Comparing the two regions we see that 

ithin-grain sheet resistance is almost 50 times smaller in the 

igh crystallinity region compared to the tubes with lower crys- 

allinity. The boundary resistivity in the high crystallinity region is 

lso about 5 times smaller, indicating that the boundaries them- 

elves also deteriorate in electrical conductivity together with the 

ower crystallinity within the grains. 

By taking the reciprocal of Eq. (3) we calculate the linear con- 

uctance G linear , given by 

 linear = 

πd o L a 

ρb + L a R s 
. (5) 

n Fig. 9 we plot linear conductance against crystallinity L a , to- 

ether with a “universal curve” fit. We plot G linear according to 

q. (5) for both regions separately, with parameters taken from 

able 1 . Since G linear also requires a value for d o we have used the 

ean diameter 14 nm to create the universal curve. To illustrate 

he influence of outer diameter, the curve was also plotted using 

he extreme values of diameter found in the study, d o = 7 nm and 

 o = 25 nm, displayed with dash-dotted lines. We create a tran- 

ition between the functions G 1 = G 

L a < 10 
linear 

and G 2 = G 

L a > 12 
linear 

using a 

mooth step function, 

 universal (x ) = G 1 (x ) + S(x ) · ( G 2 (x ) − G 1 (x ) ) , (6) 

here S is given by 

(x ) = 

1 

2 

[ 
1 + tanh 

(
x − x 0 

w 

)] 
. (7) 

ere, x 0 corresponds to the transition centre while w scales its 

idth. Best fit for these parameters were found to be w = 0 . 55 nm
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[

108.196102 . 
nd x 0 = 11 nm. While the data set in this study does not give suf-

cient information about the exact shape of this threshold step, 

he resulting S-shaped transition can be used as a “guide for the 

ye”. In Fig. 9 we also let each region’s curve continue for some 

istance beyond their valid interval, in order to indicate the con- 

inued shape of each curve. 

We suggest the reason for this drastic difference in behaviour 

bove and below the critical threshold stems from the size of in- 

ividual crystallite grains within the tube wall, similar to confine- 

ent effects in graphene nanoribbons [27] . The effect of a limited 

rain size on the electronic structure can be estimated by com- 

aring to studies by Ritter and Lyding [28] made on individual 

raphene quantum dots (GQDs) where an energy gap opens up 

ccording to E g (eV) = 1 . 57 ± 0 . 21 eV nm /L 1 . 19 ±0 . 15 , where L is the

veraged minimum lateral dimension. For the higher crystallinity 

aterials with L a > 12 nm the energy gap would then be on the 

rder of 80 meV or less, and thus would only have a small in- 

uence on the conduction at room temperature. For lower values 

f L a , i.e. around 10 nm and below, the corresponding gap would 

e on the order of 100 meV or higher, which would mean that 

 g − μ ≥ 2 k b T at room temperature for an undoped material. This 

s then large enough to greatly reduce the conductivity even at 

oom temperature, and to overshadow any effects from the tube’s 

ize, shape and symmetry [23,29] . The abrupt change in the con- 

uctivity between the two regions of crystallinity cannot be ex- 

lained by quantum confinement alone, and there are likely edge- 

ffects at the grain boundaries that contribute to the rapid change 

n conduction with decreasing grain size. 

Moreover, the crystallographic orientation and overall quality of 

he boundaries between grains are also known to strongly influ- 

nce energy gap sizes in structures like GQD arrays [28,30] . The 

eterioration of boundary quality thus not only lowers boundary 

onductivity but also create edge effects which could have a nega- 

ive influence on within-grain conductivity. 

To illustrate the results we can consider two examples, one 

rom each region. First we take a 1 μm long section of a tube with

uter diameter d o = 12 nm, with crystallite size L a = 18 nm. Refer- 

ing to the second row of Table 1 , we have a grain sheet resistance

 s = 54 �/ �, boundary resistance ρb /L a ≈ 170 � and a total resis- 

ance of the tube section of 5.9 k �·. The resistance is thus domi- 

ated by boundary resistance over within-grain sheet resistance at 

 3:1 ratio. Now take a section of tube with the same length and 

iameter, but with L a = 6 nm. We now have a grain sheet resis- 

ance R s = 2 . 5 k �/ � and a boundary resistance ρb /L a of approx-

mately 2.8 k �, making the total resistance about 140 k �. Here, 

he boundary resistance is at about a 1:1 ratio to the within-grain 

heet resistance and the total resistance of the tube segment is al- 

ost 25 times higher than for the high crystallinity tube segment 

f the same diameter. 

. Conclusions 

We have shown that the electrical conductivity of CNTs depends 

ighly on material quality and that, for conduction in the outer- 

ost tube layer in arc-discharge grown MWCNTs, the tube layer 

an be modelled as a patchwork of crystallite grains connected by 

oundaries. We find that the influence on the electrical conduction 

s even more pronounced than the previously reported influence 

n the mechanical stiffness [9] . We interpret this effect as a result 

f quantum confinement and edge-effects in the individual crys- 

allites, which create band gaps that are large enough in order to 

reatly reduce the electrical conductance at room temperature. 

Our findings show that even for arc-discharge grown materials, 

here are large enough variations in the crystallinity in order to ob- 

cure the inherent electrical properties normally expected in CNTs. 

his may well explain the large spread in band gap energies, about 
6 
wo orders of magnitude [12] , and the wide variation in values for 

inear resistance that have been observed experimentally in MWC- 

Ts [4,10,11] . 

We suggest a scaling model for the electrical conductivity 

ithin a single layer of a CNT which connects its electrical conduc- 

ivity with the effective crystallite size and tube diameter. These 

ndings may provide an important but previously missing piece of 

he puzzle of trying to distinguish and classify different types of 

arbon nanotubes and their properties. 
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