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Electrical percolation threshold of semiconducting 

single-walled carbon nanotube networks on field-

effect transistor 
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Gyu Tae Kim* 

With the advance in separation and purification of carbon nanotube (CNT), using highly 

pure metallic or semiconducting CNT has practical merit in the application to electronics. 

When highly pure CNT is applied to various fields, CNT networks are preferred to an 

individual CNT. At this moment, the presence of an electrical path becomes crucial in the 

networks. In this study, we report on electrical percolation threshold of semiconducting 

single-walled carbon nanotube (s-SWCNT) networks and their electrical characteristics in 

field-effect transistor (FET). By Monte Carlo method, the networks of s-SWCNT were 

randomly generated in the channel defined by source-drain electrodes of FET. On the basis 

of percolation theory, percolation threshold of s-SWCNT networks was obtained at different 

channel lengths (2, 6, and 10 µm) by generating random s-SWCNT networks 100 times. The 

network density corresponding to electrical percolation threshold was theoretically gained at 

each channel length. As a result, the network densities at percolation threshold in the 

channel length of 2, 6, and 10 µm were 6.75, 9.0, and 9.75 tube/µm2, respectively. Also, 

SPICE calculation, or circuit simulation, was performed at each s-SWCNT network 

constituting an electrical path between source and drain electrodes of FET. In all channel 

lengths, On/Off ratio of s-SWCNT networks was enhanced with the increase of network 

density. Finally, we found a power law relationship between On/Off ratio of s-SWCNT 

networks and network density at percolation threshold.  

 

 

Introduction 

Carbon nanotube (CNT) has been paid much attention as an 

electronic material due to outstanding electrical properties since 

its discovery in 1991.1,2 In general, it has been known that 

according to its chirality, electrical properties of CNT can be 

classified into two types: metallic and semiconducting ones.3-7 

Depending on applications, CNT is used in various fields such 

as organic light-emitting diode, transparent conductive film, 

and solar cell.8-10 In this case, CNT networks are preferred to an 

individual CNT. This is because treating CNT as a structure of 

networks is convenient for further applications, compared with 

an individual CNT. 

 Actually, it is possible to use highly pure semiconducting or 

metallic CNT by virtue of a progressive advance in CNT 

separation techniques. Single-walled carbon nanotube (SWCNT) 

was sorted by diverse methods such as sequence-dependent 

DNA assembly, gel-based separation, density differentiation. 11-

13 Also, direct synthesis for semiconducting SWCNT (s-

SWCNT) has been reported.14 These methods stimulated CNT 

electronics in basic and applied fields.  

 When CNT is utilized in electronics as the form of networks, 

an essential issue is the presence of an electrical path which is 

constituted by individual semiconducting or metallic CNT in 

the networks. Much effort has been made to study electrical 

percolation in CNT networks based on Monte Carlo method.15-

20 This approach can contribute to the improvement of finding 

an optimal condition in constituting CNT networks. Sangwan 

and co-workers optimized transistor performance of percolating 

CNT networks with help of Monte Carlo simulation.18 Also, 

this approach can predict the effect of vacancy defects of CNT 

on electrical characteristics when the defective CNT constitutes 

networks. Berahman et al. calculated that CNT with double 

vacancy decreases electrical conductivity of percolated CNT 

network.20 Furthermore, theoretical work can calculate 

electrical characteristics of CNT networks which have a 

different ratio of metallic and semiconducting CNT. It can give 

a guideline in designing experimental conditions to prepare 
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CNT networks. In spite of laborious efforts on CNT percolation, 

most of studies focused on multi-walled CNT or SWCNT 

networks where s-SWCNT exist with metallic SWCNT (m-

SWCNT) at the same time. Percolation threshold of s-SWCNT 

networks has not been reported. In addition, most of previous 

works hardly studied electrical characteristics of percolated 

CNT networks. This motivated us to obtain percolation 

threshold of s-SWCNT and relate it to electrical characteristics.  

 In this study, we report on electrical percolation threshold of 

s-SWCNT networks formed in the channel of field-effect 

transistor (FET) and the electrical characteristics of percolated 

networks by using SPICE simulator. Actually, there are a 

number of experimental works where highly pure s-SWCNT 

networks were constituted between source and drain electrodes 

on FET for various purposes.21-28 In the constitution of s-

SWCNT networks with an impurity of m-SWCNT, we cannot 

expect semiconducting behaviour from dense s-SWCNT 

networks due to metallic path in the networks. To avoid this, 

the information on critical network density of s-SWNCT is 

required. However, to the best of our knowledge, the critical 

number of s-SWCNT has not been reported in constituting 

network at a given channel length, including electrical 

characteristics of the networks. Therefore, it is significant to 

theoretically calculate the critical number of s-SWCNT which 

is required to constitute networks at given channel length. For 

this reason, we calculated percolation threshold of s-SWCNT 

networks in the channel of FET and the electrical 

characteristics of the networks. Monte Carlo method was 

employed to generate random networks, and s-SWCNT 

networks were generated 100 times by varying network density 

at a given channel length to obtain percolation probability of s-

SWCNT. Three channel lengths were used at a fixed channel 

width in calculations. Also, we did not restrict an angle of s-

SWCNT with respect horizontal axis in random network 

generation. Relative neighbourhood graph (RNG) represents 

the morphology of percolated s-SWCNT networks quit well, so 

that we employed percolation threshold in RNG to gain 

electrical percolation threshold of s-SWCNT networks.  Then, 

SPICE simulation was carried out to predict the electrical 

characteristics of the percolated s-SWCNT networks, and 

percolation threshold of s-SWCNT networks was related to 

electrical characteristics.  

 We think that our work can provide a theoretical guideline 

in constituting s-SWCNT networks at a given channel length of 

FET. 

Computational procedure 

To obtain the electrical percolation threshold of s-SWCNT 

networks, 2 dimensional (2D) networks of s-SWCNT were 

randomly distributed in the channel of FET. The networks were 

generated by MATLAB code based on Monte Carlo method. 

Fig. 1(a) shows a schematic illustration of a model system for 

2D s-SWCNT networks on FET. The electrical percolation 

threshold was calculated at three different channel lengths of 2, 

6, and 10 µm defined by source-drain electrodes. The channel  

 
Fig. 1 (a) Schematic diagram of FET for percolation simulation of s-SWCNT 

networks. Sticks represent s-SWCNTs which constitute networks between source 

and drain electrodes on a dielectric layer of a substrate. Three different channel 

lengths (Lc, 2, 6, and 10 µm) were considered at a fixed channel width (Wc). (b) 

Illustration of RNG which represents percolated s-SWCNT networks quite well. 

 

width was fixed to 2  µm in each calculation. Also, the length 

of s-SWCNT was 1  µm (standard deviation σ = 0.1) while the 

angle of s-SWCNT with respect to horizontal axis was 

randomly decided to be aligned to all direction during the 

generation of the networks. The length was determined by 

experimental results reporting that pure s-SWCNT has the 

centre at 1 µm in length distribution.29,30 To analyze s-SWCNT 

networks with percolation theory, we employed bond 

percolation in RNG among diverse percolation models. It is 

because RNG seen in Fig. 2(b) is geometrically quite similar to 

2D random networks of s-SWCNT. To acquire the percolation 

probability of s-SWCNT networks, network generation was 

conducted 100 times at different network density of channel 

length. In addition, the number of s-SWCNT for network 

density was carefully decided so that the probability is 

distributed from 0 to 1 at each channel length. We defined 

percolation threshold to be 0.77 because the bond percolation 

threshold of RNG has been reported to be 0.77.32 

 Then, NGSPICE calculation was carried out to relate 

percolation threshold of the networks to electrical 

characteristics of s-SWCNT networks. For this, the information 

on network percolation was converted to NGSPICE netlist file 

after finding connected electrical paths in the networks. In 

SPICE calculation, each s-SWCNT was modeled as simple p-

type metal-oxide-semiconductor FET (MOSFET) since only s-

SWCNT was considered in this study. The junction resistance 

between s-SWCNTs was carefully determined based on the 

experimental works on junction conductance between s-

SWCNTs.31 The study measured the junction conductance 

constituted by two individual s-SWCNTs to be 0.011e2/h and 

0.06e2/h (where e is the electron charge and h is Planck’s 

constant). From this, the junction resistances were calculated by 

inversing 0.011e2/h and 0.06e2/h. As a result, the average of the 

calculated junction resistances was 1.4 MΩ, and this value was 

used in the SPICE simulation. Transfer characteristic curves of 

s-SWCNT networks were obtained by sweeping gate voltage 

from -3 to 3 V at fixed source-drain voltage of 1 V. On/Off 

ratio of the networks was calculated by the ratio of the 

maximum to minimum current in transfer characteristic curves 

when s-SWCNT constituted networks. 
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Fig. 2 Plot of percolation probability versus network density at channel length of 

2, 6, and 10 µm. A dashed lined was put at percolation probability of 0.77 which 

corresponds to percolation threshold in RNG. The network density at percolation 

threshold increases with the increase of channel length. 

 

Results and discussion 

To obtain percolation probability at each channel length, we 

generated s-SWCNT networks 100 times by using Monte Carlo 

simulation at different network density of s-SWCNT. Fig. 2 

shows the percolation probability of s-SWCNT networks with 

respect to network density at channel length defined by source-

drain electrodes. Regardless of channel length, we can see a 

trend that percolation probability becomes low at sparse 

network density while it grows at high network density. 

However, the distribution of percolation probability has a 

different symmetry with respect to network density, depending 

on channel length. Hence, we fitted the obtained data to 

sigmoidal Boltzmann equation which has the following form: 

 

2

0

21

]/)exp(1[

)(
A

xxx

AA
y +

∆−+

−
=  

 

where, y is percolation probability of s-SWCNT networks, x is 

the network density, A1 is the initial value of y, A2 is the final 

value of y and x0 and △x are the centre and the width of the fu- 

 

Table 1 Fitting parameters for sigmoidal Boltzmann analysis at each channel 

length. 

 2 µm 6 µm 10 µm 

A1 0 0 0 

A2 0.9945 0.9982 1.0 

X0 5.3964 7.5657 8.6672 

△x 1.1157 1.1461 0.9876 

Adjusted-R2 0.9927 0.9967 0.9980 

 

 
Fig. 3 Effect of network density at percolation threshold by channel length. The 

network density at percolation threshold increases with the increase of channel 

length. 

 

nction, respectively. The fitting parameters are summarized in 

Table 1 with adjusted R2 values. As seen in the table, all 

adjusted R2 values are close to 1, meaning that the fitting to 

sigmoidal Boltzmann equation is quite appropriate. We can see 

in Fig. 2 that x0 shifts to a region of high network density as the 

channel length increases. Especially, the table shows that an 

abrupt increase in x0 occurs when channel length changes from 

2 to 6 µm. Despite we considered the same interval for channel 

length, this value is greater than the difference between 6 and 

10 µm. It can be attributed to the length of s-SWCNT (1 µm) 

considered in this work. Since the length of individual s-

SWCNT is the half of the channel length in the case of 2 µm, 

the percolation probability of s-SWCNT networks increases 

even at a small number of s-SWCNT, leading to sparse network 

density. On the other hand, the channel lengths of 6 and 10 µm 

are 6 and 10 times longer than the length of s-SWCNT, 

respectively. In both cases, a large number of s-SWCNT is 

stochastically required to constitute s-SWCNT networks, 

compared with 2 µm. This is the reason why x0 shifts to the 

right in the axis of network density as the channel length 

increases. 

 To gain percolation threshold at each channel length, we 

employed bond percolation in RNG which represents the 

morphology of s-SWCNT percolation well. Percolation 

threshold in RNG has been reported to be 0.77.32 Hence, as 

shown in Fig. 2, we plotted a dashed line at a value of 0.77 in 

the axis of percolation probability. The network densities at 

percolation threshold, calculated from sigmoidal Boltzmann 

equation in the channel of 2, 6, and 10 µm, were 6.75, 9.0, and 

9.75 tube/µm2, respectively. To know the relationship between 

network density and channel length, we plotted network density 

at percolation threshold against channel length in Fig. 3. The 

figure shows that as channel length increases, network density 

corresponding to percolation threshold of s-SWCNT networks 

increases logarithmically. As explained before, network density 

of s-SWCNT abruptly increases when channel length increases 

from 2 to 6 µm. This can be explained as following: junctions  
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Fig. 4 Box plot of On/Off ratio of percolated s-SWCNT networks versus network density at channel length of (a) 2, (b) 6, and (c) 10 µm. On/Off ratio is enhanced in all 

cases as network density increases. Average On/Off ratio of percolated s-SWCNT is summarized with respect to network density as shown in (d). Square, circle, and 

triangle represent the change of average On/Off ratio with respect to network density at channel length of 2, 6, and 10 µm, respectively. 

in the channel of FET can be classified into s-SWCNT to 

electrode and s-SWCNT to s-SWCNT contacts. When s-SWC 

NT contacts with electrode in FET, it is a junction between one- 

and two-dimensional structures. Meanwhile, the contact 

between s-SWCNT to s-SWCNT is a junction constituted by 

one-dimensional structures. In general, we can predict a higher 

probability in the contact between one- and two-dimensional 

structures than the contact between one-dimensional ones. 

Therefore, the percolation probability of forming networks 

becomes low as channel length increases. In other words, more 

s-SWCNTs are required to compensate the low contact 

probability between s-SWCNTs, covering the increased area by 

the extension of channel length. 

     After generating s-SWCNT networks at each channel length, 

transfer characteristics were obtained from percolated s-

SWCNT networks by SPICE simulator. At each channel, 

On/Off ratio of FET was calculated from all percolated 

networks and the results were displayed in Fig. 4 (a), (b), and (c) 

as box plot form against network density. A dotted line was put 

at the network density corresponding to percolation threshold of 

s-SWCNT networks, and average On/Off ratio was marked 

with closed square in all cases. At any case, we can see that 

On/Off ratio is enhanced as network density increases. This 

result is different from the previous results, where m-SWNCT 

and s-SWCNT co-exist in percolated networks.33 In the co-

existence of s-SWCNT and m-SWCNT, On/Off ratio rapidly 

decreases at dense SWCNT networks due to metallic path by 

m-SWCNT. The m-SWCNT path becomes electrically 

dominant one in SWCNT networks when voltage is applied. 

Therefore, we cannot expect a semiconducting behavior 

originated from percolated s-SWCNT networks. 

 In the case of 2 µm (Fig. 4(a)), we can notice that the 

difference between the maximum and the minimum of On/Off 

ratio gradually decreases above percolation threshold. This is 

because percolation probability approaches to 1 by the increase 

in the number of s-SWCNT, leading to narrow distribution of 

On/Off ratio. Fig. 4(b) exhibits the box plot corresponding to 

the channel length of 6 µm. It seems that the difference between 

the maximum and the minimum is not too large, compared with 

that shown in Fig. 4(a). Also, we can see that On/Off ratio is 

slightly enhanced with the increase of network density. 

However, the box plot of 10 µm shows a different trend that the 

difference between the maximum and the minimum of On/Off 

ratio varies unevenly with the increase of network density. It is  
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Fig. 5 Representative percolation morphologies of s-SWCNT networks at 

different channel length and network density. The increase in network density as 

well as channel length leads to the increased number of an electrical path and 

contact junction. 

 

because the extended channel length gives high probability that 

percolated networks have a different number of junctions and 

paths in spite of high network density. To investigate the effect 

of network density on On/Off ratio, we plotted average On/Off 

ratio of all channels in the same figure as exhibited in Fig. 4(d). 

As shown in the figure, On/Off ratio slightly increases above 

percolation threshold in all cases with the increase of network 

density. Therefore, we can conclude that On/Off ratio has a 

proportional relationship to network density of s-SWCNT. 

Meanwhile, In Fig. 4(d), we can notice that On/Off ratio is 

decreased as channel length increases. The figure indicates that 

when channel length is 2 µm, we can expect On/Off ratio of 

more than 104 regardless of network density. On the other hand, 

On/Off ratio has the value between 103 and 104 when the 

channel length is greater than 2 µm. Based on this result, it can 

be deduced that On/Off ratio of s-SWCNT is dependent on the 

channel length of FET.  

 In general, the value of On/Off ratio can be determined by 

dividing the maximum of On-state current by the minimum of 

Off-state one. And, the current from s-SWCNT networks is 

influenced by the number of junction and an electrical path in 

the networks. Therefore, the investigation of percolation 

morphology of s-SWCNT is significant to compare the 

difference in the number of junction at different channel lengths 

and network densities. In Fig. 5, we illustrated representative 

percolation morphologies selected near threshold network 

density and from the region of high network density. The 

number of an electrical path in the percolated networks 

commonly increases in all channel lengths as the networks 

become dense. At the fixed network density, the number of jun- 

 
Fig. 6 Plot of average (a) Off-state and (b) On-state current versus network 

density at channel length of 2 (square), 6 (circle), and 10 µm (triangle).  

 

ction increases in proportion to channel length as shown in Fig. 

5. This increase leads to the enhancement of junction resistance 

in the s-SWCNT networks and influences On- and Off-state 

current of FET.  

 Hence, we analyzed average On-state current and Off-state 

current in all cases to clarify the dependency of On/Off ratio on 

channel length. Fig. 6 (a) and (b) exhibit a plot of average Off-

state and On-state current with respect to network density of s-

SWCNT, respectively. Interestingly, it seems that Off-state 

current is not affected by channel length and holds a similar 

value regardless of channel length as seen in Fig. 6(a). In all 

channel lengths, Off-state current linearly increases in 

proportion to network density. It can be interpreted that the 

resistance of an individual s-SWCNT is much higher than 

junction resistance and that the effect of junction resistance is 

insignificant. On the other hands, Fig. 6(b) evidently shows that 

On-state current decreases as the channel length increases. It 

can be attributed to the junction resistance of s-SWCNT 

networks. As channel length increases, the number of s-

SWCNT also increases to constitute an electrical path between 

the source-drain electrodes of FET. This means that the number 

of junction in the networks also increases by extending channel 

length. Therefore, a longer channel contributes to the 

enhancement of junction resistance and this makes the On-state  
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Fig. 7 Relationship between average On/Off ratio and network density 

corresponding to percolation threshold of s-SWCNT at each channel. At 

percolation threshold, On/Off ratio of s-SWCNT networks drastically decreases 

with respect to network density. 

 

current decrease. As a result, On/Off ratio is decreased with the 

increase of channel length.  

 Next, we investigated a relationship between percolation 

threshold and electrical characteristics at each channel length. 

As an analytic variable, we selected network density at 

percolation threshold of 0.77 in all channel lengths. Also, 

average On/Off ratio was selected as a variable for electrical 

characteristics of s-SWCNT networks. Fig. 7 exhibits a change 

of average On/Off ratio with respect to network density at 

percolation threshold. The following formula was employed for 

the relationship between average On/Off ratio and the network 

density:  

 

�On/Off���	 
 b � �Network	density�� 

 

 A power law model was used to fit the data and the fitting 

parameters of a and b were -4.22 and 7.0 � 107, respectively. 

The value of adjusted R2 was 0.9989 which is close to 1. It 

indicates that On/Off ratio is strongly influenced by the 

network density at percolation threshold. On/Off ratio 

drastically decreases as the network density at percolation 

threshold in each channel length increases. Especially, in spite 

of the same interval of channel length, a sudden decrease in 

On/Off ratio occurs between the network densities 

corresponding to percolation threshold of 2 and 6 µm. It can be 

demonstrated that at percolation threshold of each channel, 

more s-SWCNTs are necessary to constitute networks between 

electrodes with the increase of channel length. Simultaneously, 

the number of junction between s-SWCNTs grows in s-

SWCNT networks, leading to the enhancement of junction 

resistance. Finally, low On/Off ratio is obtained from s-

SWCNT networks formed in extended channel length. To 

analyze our result, the theory of MOSFET model was employed. 

When MOSFET is switched on, drain current (ID) generally 

depends on the channel dimension of channel length and 

channel width. In this study, channel width is fixed to 2 µm in 

all cases. 

 

�� ∝	
Channel	width

Channel	length
 

 

Therefore, we can see that ID has an inversely proportional 

relationship to channel length. On the other hand, ID is not 

influenced by channel dimension when MOSFET is switched 

off. From the relationship, we can expect that On/Off ratio 

decreases inversely proportional to channel length. As shown in 

Fig. 7, our result is consistent with MOSFET model.  

 

Conclusions 

In this work, we theoretically obtained percolation threshold of 

s-SWCNT networks at different channel length on the basis of 

Monte Carlo method. As a result, percolation thresholds of s-

SWCNT were calculated to be 6.75, 9.0, and 9.75 tube/µm2 

when channel lengths are 2, 6, and 10 µm. Network density 

which was gained at percolation threshold of s-SWCNT 

increased with respect to channel length. In addition, we 

predicted the electrical characteristics of percolated s-SWCNT 

networks at each channel length by using SPICE simulator. It 

was revealed that On/Off ratio was slightly enhanced with the 

increase of network density in all channel lengths. Finally, we 

found a power law relationship between On/Off ratio and 

network density at percolation threshold of s-SWCNT. It was 

originated from the reduction of On-state current due to the 

enhanced junction resistance by extending channel length of 

FET. 

 This study can provide a theoretical guideline in 

constituting CNT networks as well as s-SWCNT networks at a 

given channel length of FET.  
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