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I. Motivation
• Contact engineering is very significant in innovative electronic circuits that 

utilize graphene, carbon nanotubes (CNTs), and other emergent materials. 
Specifically, devices built on CNTs face pronounced obstacles stemming from 
the connections between the tubes. 

• By coupling the transmission line model and tunneling current, a self-
consistent contact model was established to solve the current and voltage 
distribution along the contact length and the overall contact resistance for 
various electrical contact dimensions (contact length and thickness of 
interface layer).
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• Statistical analysis can be performed by changing the contact length and 
gap distance using Gaussian distributions to compare with the experimental 
results.

𝐼! 𝑥 − 𝐼! 𝑥 + ∆𝑥 =
𝑉! 𝑥 − 𝑉" 𝑥

𝜌# 𝑥
∆𝑥 𝜔

𝑉! 𝑥 − 𝑉! 𝑥 + ∆𝑥 = 𝐼! 𝑥 𝑅$%!∆𝑥/𝜔

𝐼" 𝑥 + ∆𝑥 − 𝐼" 𝑥 =
𝑉! 𝑥 − 𝑉" 𝑥

𝜌# 𝑥
∆𝑥 𝜔

𝑉" 𝑥 − 𝑉" 𝑥 + ∆𝑥 = 𝐼" 𝑥 𝑅$%"∆𝑥/𝜔

Normalize

𝜕!𝑉"(𝑥̅)
𝜕 𝑥̅! = 𝐽#(𝑥̅)

𝜕!𝑉$(𝑥̅)
𝜕 𝑥̅! = (1 + 𝑅%&!)𝐽#(𝑥̅)

𝜌# 𝑥̅
𝜕!𝐼" 𝑥̅
𝜕 𝑥̅! +

𝜕𝜌# 𝑥̅
𝜕𝑥̅

𝜕𝐼" 𝑥̅
𝜕𝑥̅ − 1 + 𝑅%&! 𝐼" 𝑥̅ + 𝛼𝑅%&! = 0

2 ∗ 𝑙 − 𝐿# + 𝑛 − 2 ∗ 𝑙 − 2𝐿# + 𝑛 − 1 ∗ 𝐿# = L

𝑛 − 2 ∗ 𝜌'()
𝑙 − 2𝐿#
𝐴 + 𝑛 ∗ 𝑅# + 2𝜌'()

𝑙 − 𝐿#
𝐴 = 𝑅*

𝑅!"# =
𝑅$
𝑁/𝑛

𝐶𝑎𝑟𝑏𝑜𝑛 𝑁𝑎𝑛𝑜𝑡𝑢𝑏𝑒 𝐹𝑖𝑏𝑒𝑟

𝑆𝑖𝑛𝑔𝑙𝑒 𝐶𝑎𝑟𝑏𝑜𝑛 𝑁𝑎𝑛𝑜𝑡𝑢𝑏𝑒

𝜑+ = 𝜑, −
-!.-"
!

9𝑉$ −
"."012
∆ 4-

𝑙𝑛 -"("6-!)
-!("6-")

For  5𝑉% ≤ 𝜑&
𝑦' =

'.)*+
,!

𝑦) = 1 − -.)*+
.,! / 0*+ 1) 2"

+ 𝑦'
For  5𝑉% > 𝜑&

𝑦' =
'.)*+
,!

𝑦) =
,#13.4*+

2"

Generates the overlap length 𝑳𝒄 using Gaussian random number generator:

Generates the Gap distance 𝑫 using Gaussian random number generator:

( For  fixed gap distance 𝐷 = 0.5𝑛𝑚 , 𝝁 is the mean value, 𝜎 is the standard deviation, 𝑓 𝑥 is the
counts, the sample size is 500. )

( For fixed overlap length 𝐿# = 700 𝑛𝑚 , 𝝁 is the mean value, 𝜎 is the standard deviation, f(x) is the
counts, the sample size is 500.)
When the mean value of gap distance is 𝐷 = 0.9 𝑛𝑚 , and the overlap length is 𝐿# = 700 𝑛𝑚,
the distribution of the resistance of the CNT fiber is close to the experimental value (𝑅>?@=
82.72Ω for 0.2m long’s fiber)(Using the parameters in Ref.[2])

• The single CNT-CNT contact resistance 𝑅; increases as the gap distance 𝐷
increases

• When the mean value of gap distance 𝜇(𝐷) > 0.8 𝑛𝑚 , the macroscopic
resistance of CNT fiber shows a stronger dependence on 𝐿;

VI. Conclusion
• We analyzed the distribution of the resistance of CNT fiber with the Gaussian

distribution of overlap length and gap distance to compare with the
experimental values. Our model shows good agreement with experimental
measurements, it may be used to investigate the electrical properties of CNT
fibers. The standard deviation of gap distance affects the distribution of
resistance strongly.

• Increasing the overlap length decreases the single CNT-CNT contact
resistance, but increases the macroscopic resistance of CNT fiber (if the
mass density of the CNF is fixed).

• Increasing the gap distance increases both single CNT-CNT contact
resistance and CNT fiber resistance.
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• Transmission Line Model

• Tunneling Current Model
Simmon’s formular [1]:
9𝑱𝒄 = 𝑩 𝝋𝑰𝒆6𝑨∆ 1𝒚 G# − 𝝋𝑰 + 9𝑉$ 𝒆

6𝑨∆ 1𝒚 G#.H$

(The definition of the parameters are in Banerjee S, Luginsland J, Zhang P. , Scientific Reports, 2019, 9(1): 1-14.)

• Macroscopic CNT Fiber Model

Single CNT-CNT contact resistance 𝑹𝒄 Macroscopic resistance of CNT fiber 𝑹𝑪𝑵𝑭
(𝜌-./0 = 1.8 1

+-% 𝜌-./2 = 1.6 1
+-% , 𝜎./0 = 1.3 ∗ 103 4

-
𝜎./2 = 7.7 ∗ 103 4

-
, L = 0.2m 𝐷 = 0.2 𝜇𝑚. 𝑙 = 11.86 𝜇𝑚. 𝑑 = 2.1 𝑛𝑚, double wall CNT)

𝐿&(Overlap Length)[nm] 𝑛(quantity of CNTs in single electrical path)

100 17006

300 17301

500 17605

700 17921

𝑆𝑖𝑛𝑔𝑙𝑒 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙
𝑃𝑎𝑡ℎ

𝑅5 is the resistance of single electrical path, 𝑁 is the number of CNTs inside the CNT 
fiber , 

In CNT-vacuum-CNT parallel contact: 
𝜌𝐿 = 20𝑘Ω , 𝑤 = 3𝑛𝑚, 𝑅𝑠ℎ1 = 𝑅𝑠ℎ2 =
60Ω/square,𝑊1 = 𝑊2 = 4.5𝑒𝑉, 𝜀6 = 1.0
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Behabtu, Natnael, et al. "Strong, light, multifunctional fibers of carbon
nanotubes with ultrahigh conductivity." science 339.6116 (2013): 182-186.
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𝝈 = 10 nm

𝝁(𝑳) = 700 nm

𝝈 = 30 nm

𝝁(𝑳) = 800 nm

𝝁(𝑫) = 0.8 nm
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𝝈 = 50 nm 𝑹𝑪𝑵𝑭 = 𝟔𝟐. 𝟓~𝟔𝟔𝛀
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IV. Effects of Overlap Length

• The single CNT-CNT contact resistance 𝑹𝒄 decreases as overlap length 𝐿# increases for 𝐷 >
0.5 nm.

• When 𝐿# > 200 nm, macroscopic resistance of CNT fiber 𝑹𝑪𝑵𝑭 increases as 𝐿# increases for
D < 1 nm (as the number of CNTs along the electrical path increases per unit length [Table on
the left]).

• The macroscopic resistance of CNT fiber is more sensitive to the gap distance 𝐷 than the
overlap length 𝐿#.

Single CNT-CNT contact resistance 𝑹𝒄 Macroscopic resistance of CNT fiber 𝑹𝑪𝑵𝑭

𝑹
𝑪[
𝜴
]

𝑹
𝑪𝑵

𝑭
[𝜴
]

𝜇 𝐿$ = 90 nm
𝜇 𝐷 = 0.7 𝑛𝑚. 𝜎 𝐷 = 0.05 nm

𝜇 𝑙 = 400 𝑛𝑚

Simultaneously vary the gap distance 𝐷, contact length 𝐿#, and the length of an individual 
CNT 𝑙 using Gaussian distributions. The resulting distributions of the CNT fiber 
resistance 𝑅>?@ for a sample size of 100,150 is shown.  We assume that the length of 
CNT fiber is L = 20𝜇𝑚, diameter is 0.1𝜇𝑚.

𝜇 𝐿$ = 80 nm
𝜇 𝐷 = 0.8 𝑛𝑚. 𝜎 𝐷 = 0.1 nm

𝜇 𝑙 = 400 𝑛𝑚
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