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Abstract: In this paper, we have explored the feasibility of a carbon nanotube (CNT) ring oscillator (RO) for detecting ionized 
radiation. The effect of ion irradiation on the oscillation frequency of CNT-based RO is considered using the displacement damage 
dose (DDD) methodology. The analytical model of the irradiated resistance of metallic single-walled CNT (SWCNT) has been 
developed and verified by experimental data for increasing DDD from 1012 to 1017 MeV/g. We have found that 100 times increase in 
the DDD from 1015 to 1017 MeV/g results in nearly 20 times increase in propagation delay of an input signal passing through 500 nm 
metallic SWCNT, which can be easily read. It is also found that an order of magnitude increase in the length of SWCNT results in 
approximately an order of magnitude decrease in the minimum range of detectable DDD considering the oscillation frequency of 
CNT RO as the output of the proposed radiation detector. As carbon nanotube with the record length of 50 cm has been reported, it is 
very promising for detecting much lower radiation. 
 
Key words: Carbon nanotube, ring oscillator, radiation detection, displacement damage dose. 
 

1. Introduction 

The energy per decay of nuclear radiation can be 

very small, but the energy released in a nuclear 

process is larger than the atomic binding energies and 

thereby any emitted particles will have sufficient 

energy to directly ionize or excite atoms, known as 

ionizing radiation [1]. The detector with highest 

resolution and low ionization potential is required to 

detect the primary ionization of incident radiation [2]. 

Ionization-based detectors have mostly used gases as 

the active medium, but the drawbacks of gases are low 

density of the stopping material and large effective 

ionization potential (~20 eV). For solid state detector, 

the primary ionization must be collected to make a 

direct measurement of the energy of nuclear radiation. 

Thus, metals and insulator are not applicable as the 

generated electron and positive ion pairs are rapidly 

recombined in metal and insulators, making difficult 
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the collection of the charged particles. 

Semiconductor-based ionization sensors are usually 

1,000 times denser and its ionization potential is 10 

times smaller than gases-based ionization sensors. 

However, silicon-surface barrier detectors has large 

area and thereby a large capacitance, resulting in its 

low resolution. Germanium diode detectors have the 

highest resolution of any direct ionization devices due 

to its small bandgap and small effective ionization 

potential. However, its small band gap also makes the 

electro/hole pairs collection sensitive to thermal 

fluctuation noise, which exponentially relates to the 

size of band gap.  

Carbon has been widely tipped as a promising 

element for next-generation electronics due to its 

impressive allotropes [3-6]. Among carbon allotropes, 

carbon nanotube (CNT) [7, 8] and graphene [9-11] are 

prominent contenders for high-performance sensors. 

CNT has limited number of atoms in its 

circumference, thus removal of one atom can 

significantly change the carrier transport. When 
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radiations interact with CNT, the total number of 

created ion-pairs is very small on a macroscopic scale, 

and thereby ionization of charged particles is less 

important than the increase of scattering phenomena 

due to the generated defects in the lattice [12]. This 

together with low ionization potential and compact 

size of CNT-based ionization detectors results in its 

superior energy resolution. This makes it to be a very 

promising material for detecting the primary 

ionization of incident radiation [8]. The mobility of 

carbon nanotube is much higher than germanium and 

silicon, which allows effective compensation of the 

defect and impurities scattering in carrier transport. 

The chemical structure of the CNT lattice can be 

significantly and permanently changed by a single 

energetic ion. Similar to carbon, all type of solid-state 

detectors can be damaged by long exposure to the 

charged particles because the lattice will be disrupted 

and poisoned by the presence of many defects in the 

lattice. The CNT-based radiation sensor can be 

designed similar to polymeric material and mineral 

mica, which are particularly sensitive to radiation 

damage and very efficient detectors of rare events that 

produce highly ionizing radiation. In these materials, 

the produced crack is localized on the molecular scale 

and can be expanded by chemical etching to the 

microscopic scale. However, the CNT-based detectors 

are conductor and can be fabricated for on-chip 

nuclear radiation detection. In addition, the electronic 

pulses in response to the ionizing radiation in most 

detectors need to be processed by nuclear instrument 

modules to measure the time and height of the 

produced signal. This radioactive incident rapidly 

decays away after being produced and thereby the 

collection of data must be as rapidly as possible 

usually during a very limited time. On the other 

hand, the produced defects in CNT-based radiation 

sensor are permanent and can be detected without 

loss of signal in an event of primary radiation. 

The output of most detectors is the height or length 

of an output signal that carries information about the 

energy departed in the detector. The output signal 

must be preliminary amplified before being sent 

through a coaxial cable to a linear amplifier to prevent 

the noise in the cable from destroying the tiny detector 

signal. However, if the metallic SWCNTs are used as 

interconnects in a ring oscillator (RO) circuit, the 

change in the resistance of CNT interconnects by the 

radiation exposure can be converted to the change in 

oscillation frequency as an observant of radiation 

dose. The oscillation has been taken spontaneously in 

the close loop of ring oscillator and there is no need to 

produce a reference input signal to detect radiation 

dose. This reduces the complexity of detection 

circuits. The data analyzed system can be a simple 

tunable RC filter on the chip which measures the 

oscillation frequency without any degradation of 

signal height. The importance of CNT-based ring 

oscillator is not only their mechanism of action, but 

also the speed and accuracy of ionized radiation 

detection in a much smaller package than 

current-generation radiation sensors. 

The rest of the paper is organized as follows. 

Section 2 presents an analytical model of the 

irradiated resistance of metallic SWCNT. Section 3 

discusses the verification of the developed model for 

exposure to different ion irradiations considering the 

displacement damage dose (DDD) methodology. 

Then, the feasibility of a metallic SWCNT as a 

radiation detector has been demonstrated. The last 

section draws summarizing conclusions. 

2. Model Equations 

It is predicted that metallic CNTs have less problem 

with electromigartion than copper interconnects. The 

CNTs exhibit high thermal and electrical conductivity 

[13, 14]. Fig. 1a shows the equivalent circuit model of 

a metallic SWCNT isolated above a ground plane 

[15], which consists of circuit elements distributed 

along its length. In the model, the inductance (L) 

consists of the series of magnetic inductance (LM) and 

kinetic inductance (LK) as follows: 
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Fig. 1  (a) Transmission line model of a SWCNT interconnect and (b) schematic of metallic CNT imparted by ionization 
radiation.  
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where, inst  is the distance between nanotube and the 

ground, inD  is SWCNT diameter, Fv  is Fermi 

velocity,   is reduced Planck constant and e is 

electron charge. The capacitance also consists of 

quantum capacitance of the nanotube and electrostatic 

capacitance between a wire and a ground plane as 

follows: 
2

100 /Q
F

e
C aF m

v



 


        (3) 

2

ln( )
E

ins

in

C
t

D


               (4) 

where,  is dielectric constant of substrate. The 

resistance, R in the equivalent transmission model can 

be determined by the effective mean free path of 

electrons, λeff as follows: 
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where, 2/ 2 12.9QR e k    is quantum resistance.  

The effective mean free path includes the effects of 

scattering mechanisms due to acoustic phonons, optical 

phonons and the defects (vacancies) produced by ion 

irradiation. The spontaneous scattering lengths for 

emitting an acoustic phonon (λac) can be estimated as 

follows [16]: 

3400.46 10 in
ac

D

T
              (6) 

where, T is temperature. The mean free path (MFP) 

due to optical phonons, op includes three scattering 

lengths as follows: 
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where, the three scattering lengths are optical phonon 

absorption ( ,op abs ), optical phonon emission for the 

absorbed energy ( ,
abs
op ems ), and optical phonon emission 

for the electric field across the SWCNT length 
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op ems ), which can be calculated as follows [14]: 
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where, 0 56.4op inD   is the spontaneous scattering 

length for emitting an optical phonon, 
1 / [1 exp( / )]op op BN k T   is the optical phonon 

occupation in Bose-Einstein statistics, Bk  is the 
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Boltzmann constant, op  is optical phonon energy 

and inL  is the CNT interconnect length. 

The effects of SWCNTs exposure to different ion 

irradiation (protons, alpha-particles, and carbon ions) 

can be incorporated in the model with the DDD 

methodology [12], which accounts for the total energy 

imparted by radiation to the circumference of SWCNT 

interconnects. The vacancies are randomly formed 

throughout the SWCNT lattice as conceptually shown 

in Fig. 1b. Unlike the atoms of materials with 3D 

bulky lattice, SWCNTs are 3D thin-film volume and 

thereby every atom is effectively exposed to ion 

irradiation and can potentially contribute in vacancy 

formation. The number of vacancies per unit     

mass of SWCNT is proportional to the energy 

imparted to the lattice and can be calculated by 

dividing DDD by the energy required to produce a 

vacancy as follows [12]:  

L
L

vac

DDD m
V

E
            (11) 

where, ( / 0.4)vac b thE E E   is the energy required 

to produce a vacancy, the threshold energy, thE  is 

the minimum energy required to create a vacancy in a 

SWCNT, 3bE eV  is carbon-carbon binding 

energy. The SWCNT mass per unit length can be 

calculated by /L c c cm W N l , where cW  is the atomic 

weight of carbon, cN  is the number of atoms per 

circumferential unit cell around a SWCNT and cl  is 

the length of the circumferential unit cell. Assuming 

the contribution of all produced vacancies on carriers 

transport, the inverse of VL is the average length of 

vacancy-free segments along the SWCNT and can be 

define as the MFP of ion irradiation, 1
Rad LV  . 

The effective mean free path can be calculated by 

Matthiessen’s rule considering all the scattering 

mechanisms as follows:  

1 1 1 1

eff ac op Rad   
             (12) 

The effective MFP, eff  determines the resistance, 

of the SWCNT due to both the pre-irradiation terms of 

acoustic and optical phonons scattering mechanisms 

and the contribution due to defects produced by ion 

irradiation. 

3. Results and Discussion 

3.1 Model Verification 

Fig. 2a shows the change in the ratio of the 

irradiated resistance, R(DDD) to the pre-irradiation 

resistance, R(0) as a function of increasing the 

displacement damage dose. In order to test the 

accuracy of our analytical model, the fitted curve of 

several experimental results in [12] has been also 

shown in the figure. It can be seen that our model is in 

correlation with the experimental results for the same 

SWCNT (10,10) with diameter of 1.35 nm, showing 

the same increase in resistance with increasing DDD. 

Fig. 2b shows the total resistance versus voltage bias 

across 10µm length SWCNT(10,10) as a function of 

increasing DDD from 1012 MeV/g to 1017 MeV/g. It 

can be seen that increasing the resistance is significant 

for higher values of DDD. It becomes constant with 

bias voltage as the mean free path of ion irradiation 

shows the dominant scattering mechanism (voltage 

independent term in Eq. (12)). 

3.2 CNT-Based Inverter-Pair Radiation Detector 

Fig. 3a shows the schematic of a CNT-based 

inverter pair, which can be implemented by CNT 

FETs and a CNT Interconnect. The CNT interconnect 

has been simulated using the developed model in 

Section 2 together with the CNT FET with the 

developed semi-classical model in [17]. Fig. 3b shows 

that the propagation delay of CNT inverter pair can be 

sensitive output for measuring the DDD imparted to 

the CNT interconnect if its length has been chosen 

depending on the range of DDD variation. It can be 

seen that a longer CNT interconnect can detect a 

lower DDD. For example, an order of magnitude 

increase in DDD from 1014 to 1015 results in 

approximately an order of magnitude variation in 

propagation delay from tpd = 1.4 × 10-8 (s) to 10-7 (s) 

for 50 μm length CNT interconnect (green). However,  
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Fig. 2  (a) Change in the ratio of the irradiated resistance, R(DDD) to the pre-irradiation resistance, R(0) as a function of 
increasing the displacement damage dose. The curve of experimental results in [12] is shown for comparison. (b) Total 
resistance versus voltage bias across 10 µm length SWCNT(10,10) as a function of increasing DDD from 1012 to 1017 MeV/g. 
The increase in resistance is significant for higher values of DDD and it becomes constant with bias voltage as the MFP of ion 
irradiation becomes dominant scattering mechanism. 
 

 
Fig. 3  (a) CNT-based inverter pair including a metallic SWCNT(10,10) interconnect in between two CNT FET inverters. (b) 
Propagation delay of CNT inverter pair versus displacement damage dose for different CNT lengths. Note: Semiconducting 
CNT with 50 nm-length and CNT interconnect with 50 µm-length have been shown in the range of DDD variation from 1014 
to 1015 MeV/g. The contact resistance between metal and CNT has been considered equal to 24 kΩ.  
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CNT with the length of 50 nm (black) has no variation 

in its propagation delay for the same variation in 

DDD. As such, for CNT channel with much smaller 

length than CNT interconnect, the effects of DDD on 

the operation of CNT FET is negligible while ionized 

radiation results in significant variation of the 

propagation delay associated with the resistance 

variation of CNT interconnect. In this work, the length 

of CNT channel is considered 16 nm and thereby the 

effect of DDD on the output variable, i.e. propagation 

delay, has been neglected. 

3.3 CNT-Based Ring-Oscillator Radiation Detector 

In a ring oscillator, the input of each inverter is the 

output of the previous inverter. The ring closes by 

returning the output of the last inverter to the first 

stage. Fig. 4a shows the cascade combination      

of three CNT-based inverters and CNT interconnects, 

which results in sequentially change of logic state  

and consequently the signal oscillation. The  

frequency of oscillation depends on the propagation 

delay (tp) in voltage switching between successive 

inverter stages and can be determined by 
1 / (2 )pf N t , where N is the number of stages.    

The resistance of SWCNT interconnects are  

increased by increasing radiation, which results in 

increase in RC delay and consequently the reduction  

in the oscillation frequency. As it has been explained 

in Section 3.2, the length of CNT channel is     

much smaller than CNT interconnect and thus the 

effect of DDD on the oscillation frequency can be 

neglected. 
 

 
Fig. 4  (a) CNT-based ring oscillator consisting six CNTFET and three CNT interconnects. (b) Output waveforms of the 
CNT-based ring oscillator for exposure to ion radiation with three displacement density dose of (b) 1015, (c) 1016 and (d) 
1017 MeV/g.   
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Fig. 5  Oscillation frequency of CNT-based RO versus DDD for metallic SWCNT (10,10) interconnect with three different 
lengths of 1, 10 and 100 µm.  
 

The pre-radiation oscillation frequency of 

CNT-based RO is obtained f = 1.1 THz considering 

0.5 µm length SWCNT (10,10). The output 

waveforms of the circuit for exposure to ion radiation 

with three displacement density dose of 1015, 1016 and 

1017 MeV/g are shown in Fig. 4b, 4c and 4d, 

respectively. It can be seen that two orders of 

magnitude increase in the DDD results in roughly 

three orders of magnitude decrease in oscillation 

frequency. 

Fig. 5 shows the oscillation frequency versus DDD 

for SWCNT (10,10) interconnect with three different 

lengths of 1 µm, 10 µm, and 100 µm. It can be seen 

that the CNT-based RO with 1 µm-length SWCNT 

can be only used for the detection of the DDD above 

1015 MeV/g while longer SWCNTs can detect lower 

DDD. For instance, the detection of DDD = 1013 

MeV/g with 100 times longer SWCNT (100 µm) has 

the same accuracy as the detection of DDD = 1015 

MeV/g with 1 µm-length SWCNT interconnects. As 

carbon nanotube with the record length of 50 cm has 

been reported [18], CNT is very promising for 

application in the detection of much lower DDD. 

4. Conclusions 

The feasibility of a metallic single-walled carbon 

nanotube as an ionized radiation detector has been 

investigated. An analytical model of the irradiated 

resistance of SWCNT interconnect has been presented 

using DDD methodology and verified against 

experimental data for exposure to different ion 

irradiations. By designing CNT-based ring oscillator, 

the variation in oscillation frequency due to the 

increase in scattering of carriers in CNT interconnect 

has been used as an observant of radiation dose. It has 

been found that the propagation delay of CNT 

interconnect is very sensitive to DDD, such that two 

orders of magnitude increase in the DDD results in 

roughly three orders of magnitude decrease in 

oscillation frequency. In addition, CNT with 

different length can be used for detecting different 

DDD ranges, such that a longer CNT interconnect 

needs to be used for lower DDD detection. Carbon 

nanotube is promising material for detection of very 

small DDD as very long CNT has been recently 

produced.  
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