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Abstract—Memristive electrical behavior has recently gained 

attention because of technological advances in nanostructuring, 

which has enabled the fabrication of working devices. However, 

such investigations have been limited to mobile ionic systems, and 

memristive behavior in other types of nano-scale systems has 

been largely overlooked. Here, we report direct measurement of 

memristive behavior of defect states in a quasi-metallic, single-

walled carbon nanotube (CNT) field-effect transistor (FET). 

After exposing the CNT FET to laser irradiation, the 

conductance-gate voltage profile (G-Vg) indicates the creation of 

a gate-tunable, resonant electron scattering defect. Once a defect 

is formed, current flowing in the forward and reverse directions 

reversibly switches the G-Vg characteristics of the device. The 

changes in conductance are attributed to current direction-

sensitive changes in the structure of an isolated defect state in the 

nanotube. The defect scattering spectra are extracted from the G-

Vg data using a Landauer model. 

 
Index Terms— Annealing, carbon nanotube (CNT), defects, 

lasers, memristive systems  

 

I. INTRODUCTION 

A. Defects in Carbon nanotubes 

he study of defects in carbon nanotubes (CNTs) has been 

driven by the desire to understand the effect of defects on 

the ideal conductance of CNTs [1-3], as well as several 

specific device applications, such as heterojunction devices 

joined by Stone-Wales (5-7) defects [4-6].  Choi et al. used ab 

initio methods to examine the results of atomic substitutional 

defects (doping), 5-7 defects, and vacancy defects on the 

density of states and conductivity of CNTs [7]. These defects 

were found to manifest themselves as resonant electron 

scattering centers, only affecting transport strongly at the 

defect energy. Experimental investigations have confirmed the 

resonant nature of these few-atom defects, by observing gate-
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voltage tunable resistance [8, 9]. Scanning tunneling 

microscopy (STM) studies have shown that defects can be 

reversibly created and annihilated in CNTs [10, 11].  

B. Memristive Behavior 

In this work, a defect is created with a focused laser spot in 

a suspended single-walled metallic CNT field effect transistor. 

The defect is observed in the room-temperature conductance-

gate voltage characteristics (G-Vg) taken at low bias voltage 

(Vb).  When high currents are passed through the CNT, 

changes are observed in the G-Vg relationship that depend on 

the direction of the current flow. This direction-sensitive 

current annealing behavior is associated with memristive 

systems [12-17], which is a general class of circuit elements 

that includes the memristor, the thermistor, and ionic systems 

in general. Memristors are considered to be the fourth
 
circuit 

element (in addition to resistors, capacitors and inductors), and 

have a resistance that depends on the electrical history of the 

device and yet are incapable of storing energy [12].   

 

 
 

Figure 1. Device geometry and CNT defects. The microscope image of a 
suspended metallic single-walled CNT device used in the experiment, and 

possible defects in the nanotube wall: a vacancy (b), a 5-7 pair (c), and a 

substitutional defect (d).  

 

II. DEVICE FABRICATION AND EXPERIMENTAL DETAILS 

A. Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is used to fabricate 

samples with predefined catalyst sites on Pt electrodes, as 

reported previously [18-20]. Using this method, single-walled 

nanotubes were grown over trenches, thus making electrical 

contact with the Pt electrodes on both sides. The resulting 

devices were suspended with a trench depth of 300nm and a 

width of 5µm. The sample in this study was grown using 

ethanol as the carbon feedstock, and pre-selected from many 

potentially defected or bundled devices by careful examination 

of the Raman and electrical characteristics. The 

deviceexhibited a high bias saturation current of ~10/L (µA), 

where L is the length in micrometers, which indicates a single, 

suspended nanotube that is current-limited by optical phonon 
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emission-induced self-heating [20]. The low temperature 

transport data from similar devices fabricated in this study 

exhibited Coulomb blockade diamonds [21]. The device 

showed a single, spatially isolated Raman signal, with little or 

no D band Raman intensity. These observations indicate that, 

initially, the nanotube in this study was a highly defect-free, 

individual single-walled CNT device.  

B. Laser Setup 

A 532nm laser (300µW) was focused to a diffraction-

limited spot through a 100X high numerical aperture objective 

lens on a Leica DMLM microscope. This corresponds to a 

laser intensity of 1.5x10
5
 W/cm

2
. A Renishaw InVia 

spectrometer, integrated with the microscope, using 633nm 

excitation wavelength, collected Raman spectra. A 532nm 

Spectra Physics solid-state laser was used to create defects. No 

D band was observed from the nanotube throughout the course 

of the experiment.  The focused laser-spot incident on the 

center of the 5µm suspended CNT can be seen in Fig. 1a. 

Memristive behavior was observed in this sample, whose data 

are shown in Figures 2, 3, and 4. Other similar samples were 

exposed to the 532nm laser but were destroyed before any 

noticeable memristive behavior was observed. All electrical 

and optical measurements were performed in argon to prevent 

oxidation.  

III. RESULTS 

A. Defect Creation 

Fig. 2a shows the effect of laser exposure and annealing on 

the G-Vg profile. This nanotube initially showed a sharp dip in 

the conductivity near Vg = 0V, caused by the reduced carrier 

density in the band gap of this quasi-metallic CNT [18, 22-

24]. After laser exposure, the dip in the G-Vg profile was 

broadened and shifted down to negative voltages, indicating a 

change in the local density of states. The laser spot was 

localized to the center of the CNT, so changes in G-Vg profile 

are not related to any changes in the contact resistance.  When 

a bias voltage of Vb = 1.2V was applied to the nanotube for 15 

seconds, the nanotube heated up to approximately 450
o
C, as 

determined by temperature-induced downshifts in the Raman 

spectra [19, 25]. After this high bias annealing, we observed a 

partial restoring of the pristine G-Vg relationship, as shown in 

Fig. 2a. However, the CNT exhibited a noticeable and 

permanent decrease in the p-type conductance.  

Fig. 2 also shows the change in conductivity with time 

during a 15-second laser exposure (Fig. 2b) and subsequent 

high bias annealing (Fig. 2c). A sharp drop in the conductivity 

was observed at the onset of laser exposure, proceeding with a 

time constant of approximately 10s, whereas for annealing, the 

change in conductivity occurred in approximately 5s following 

a linear time dependence. The high bias annealing of the CNT 

was performed in the region of negative differential 

conductance (NDC), as reported previously [19, 20, 26].  

 
Figure 2. Conductance of a defected CNT device.  (a) Low bias (Vb = 

100mV) conductance versus gate voltage characteristics (G-Vg) before laser 
exposure, after laser exposure, and after current annealing. (b) Conductivity 

versus time during laser exposure and (c) subsequent high bias current 

annealing. Inset (b) shows the gate voltage at which the measurement was 
taken. Inset (c) shows the bias voltage at which the measurement was taken.  

 

B. Current Direction Sensitive Annealing 

Once the defect was created by laser exposure, the low bias 

conductivity was found to depend on the direction of the 

annealing current. This can be seen in Fig. 3, where the G-Vg 

profile is substantially different after reverse bias annealing (-

Vb) as compared to that taken after forward bias annealing 

(+Vb). -Vb annealing of the device results in a broad G-Vg 

profile with a single dip centered at Vg = -0.5V. +Vb annealing, 

however, results in a G-Vg profile with two distinct local 

minima: one at Vg = -2.5V and another at Vg = 0.1V. The 

effects of +Vb and -Vb annealing were completely reversible, 

as can be seen in Fig. 3b. During annealing treatments, +Vb 

annealing occurred at Vg = -3V and -Vb annealing at Vg = +3V, 

to maintain equal carrier density. In order to rule out the gate 

voltage as the cause of the change, annealing was also 

performed with +Vb and +Vg, as well as with -Vb and -Vg. The 

resulting G-Vg profiles were qualitatively the same with 

respect to the direction of the annealing current. The power 

dissipation in the CNT was the same for both +Vb and -Vb 

annealing. 

 

 
Figure 3. Repeatable switching behavior. Gate sweep conductivity profiles 
after successive ±1.2V bias voltage annealing show reversible switching 

behavior. The data in (b) are offset for clarity. 
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IV. THEORETICAL MODELING 

A. Landauer Model Treatment 

The data shown in Fig. 4 are fit with a Landauer transport 

model including the effects of a band gap, as described below. 

In the Landauer model [19, 20, 26-30], the nanotube resistance 

is expressed as  

 

cdph RRRRR 2*

0 
, (1) 

 

where






bands

dE

df
dE

R
R 0*

0 , is the depleted channels’ quantum 

resistance. Here, f  is the Fermi function, 
20

4q

h
R  is the 

full quantum resistance, and the integral is taken only over the 

electronic valence and conduction bands. Rph is the resistance 

arising from phonon scattering in the CNT, Rd is the resistance 

arising from the defect, and Rc is the contact resistance. The 

resistance from an individual scatterer in a one-dimensional 

system in the Landauer model is expressed as
*

*
*

0

1
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[31, 32], where 
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T *  is the effective 

transmission coefficient in the depleted quantum channels. 

One can see this is true by multiplying out Equation (1) for a 

single scatterer, as 
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which is the result given in [32-34]. It is necessary to separate 

the effects of carrier depletion from those of scattering, which 

is done by normalizing the coefficients in the second line of 

Equation (2) by 
df

dE

bands

dE


 . Otherwise, the effect of carrier 

depletion is double-counted when considering multiple 

scatterers. 

For phonon scattering, the transmission coefficient is 
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[34]. At low bias, the electron mean 

free path 
eff  is dominated by acoustic phonon scattering 

mean free path. The energy dependence of the scattering rate 

has been examined in other studies [35]. However, here, we 

limit ourselves to the constant relaxation time approximation, 

by reducing the scattering length proportionately to the group 

velocity  ( ) ( ) ( ) hi

ac acF
E v E v E v      , which results in 

short scattering lengths near the band edges [36]. hi

ac  was 

taken to be 1m in accordance with previous work [28, 36].  

The tunneling through Schottky barriers at the contacts [31, 

32, 37, 38] of quasi-metallic CNTs is well approximated by a 

single scatterer with constant n-type and p-type transmission 

coefficients (Tn and Tp, respectively). These were fit separately 

to account for n-p asymmetry.  Following the work by Choi et 

al. [7], the resonant defect state is treated as a single 

Lorentzian scatterer, with a transition coefficient given by 
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2
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 , (3) 

 

where Td,0 is the minimum defect transmission, Ed is the 

energy of the defect, and Γd is the HWHM. We relate EF in the 

nanotube to Vg by numerically solving the equation 

 

g
F

F eV
C

EQ
E 

)(
, (4) 

 

by integrating over the density of states [22, 39]. Q is the 

charge induced on the nanotube, C is the geometric gate 

capacitance, and a hyperbolic band structure is used to model 

the density of states.  

Using this model, the change in conductance from the 

forward annealed state to the reverse annealed state is 

interpreted as the result of a change in the atomic 

configuration, theoretically predicted by Choi et al. [7]. 

Mobile vacancies can reconfigure under electro-migratory 

pressure and, thus, change the local density of states. As seen 

in Fig. 4, the model qualitatively reproduces the observed 

change in G-Vg from that of two smaller, isolated dips in 

conductance (the first originating from the defect state and the 

second from the band gap), to one wider dip in conductance, 

originating from the defect with its energy shifted into the 

band gap. Remarkably, only small changes in fitting 

parameters are required other than the energy of the defect. 

The gate capacitance was held constant at 18 pF/m, the band 

gap at 110 meV, Tp = 31%, Tn = 18% for the pristine CNT and 

Tp = 31%, Tn = 16% for the defected CNT. For the defected 

CNT, the two states (forward and reverse bias annealed) have 

the same Td,0 = 2.8%, with Γd = 400 meV for Ed = -30meV 

(Fig. 4b), and Γd = 300 meV for Ed = -180meV (Fig. 4c). The 

energies found here are consistent with previously reported 

theoretical values for vacancy type defects [7]. 

 

 



Copyright (c) 2010 IEEE. Personal use is permitted. For any other purposes, Permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

 

 

4 

 

Figure 4. Landauer model fits to resonant electron scattering data. 

Conductance versus Vg data and Landauer model fits of a suspended nanotube 
device (a) before and (b,c) after laser exposure and after (b) forward and (c) 

reverse bias annealing. The Landauer model fitting parameters are shown on 

the right. 
 

 

B. Work Function 

Defects modify the local potential in CNTs [40], resulting 

in a non-uniform work function along the length of the 

nanotube. The associated inhomogeneous broadening could 

explain the wider G-Vg relationship observed after -Vb 

annealing; however, the analysis of such an effect is beyond 

the scope of this paper. In addition to the theory of a defect in 

the nanotube, non-uniform doping was also considered as the 

primary mechanism for this behavior, perhaps caused by local, 

heating-assisted desorption of surface gas molecules. This 

explanation relies only on thermal activation and, therefore, 

fails to account for the current direction-sensitive annealing 

behavior. Also, it is possible that the laser could be ionizing 

charge traps on the surface the CNT, for example, in surface-

bound soot or other contaminants, which then act as local 

dopants and scattering sites [41]. This type of contaminant 

could behave like the defect discussed above, but reside on the 

surface of the intact CNT instead of within the wall of carbon 

atoms. 

C. Memristive System Equations  

Since the resistance state of the nanotube at a given Vg is 

dependent on the directional history of the bias current, this 

system falls into the general category of memristive systems 

[12, 13], as a time-invariant current-controlled memristive 

system. As such, these defected states in carbon nanotubes 

could potentially serve as memory elements. A general 

memristive system is described by the equations 

 

 

 iwRiVb ,   (5) 

 iwfdtdw ,  (6) 

 

where w  is the variable specifying the state of the system, 

 iwR ,  is the resistance, and  iwf ,  is a function describing 

how the state variable changes with applied current. For a true 

memristor, the equation is   iiwf , . In this CNT system, 

the energy of the defect, Ed, is the state variable, and  iwf ,  

can be described phenomenologically with the equation    

   

 ,d df E i dE dt   

         1

0 exp expH d th L d thE E i i E E i i      , (7) 

where Ed is the defect energy or state variable, 0  is the 

transition rate constant for crystallographic reorganization, and 

EH and EL are the high (Figure 4b) and low (Figure 4c) energy 

quasi-stable defect configuration states, respectively. The state 

variable, Ed, is then bounded by EH and EL.  Equation (7) takes 

into account the self-heating temperature dependence of 

dtdEd
with the exponential term and the threshold current 

thi . The gate-tunable resistance of the system ),,( gd vEiR  is 

calculated using the Landauer scattering model. An interesting 

particularity of this memristive behavior is that, depending on 

the gate voltage, the resistance can be either raised or lowered 

(see opposing vertical arrows in Figure 3a). This third terminal 

control over the device polarity enables this behavior to be 

utilized to design devices possessing a broader range of 

functionalities. 

V. CONCLUSION 

In conclusion, we report current-gate voltage characteristics 

of a defect-induced, suspended, single-walled carbon 

nanotube, which displays memristive behavior. The defect is 

initially created by laser irradiation and is subsequently 

modified by annealing the nanotube with large bias currents.  

Forward and reverse bias current annealing results in different 

G-Vg characteristics, which act as a time-invariant memory 

element. The data is interpreted in terms of a defect state that 

scatters charge carriers near the defect state energy, which is 

sensitive to the direction of annealing currents in the nanotube. 

A Landauer model is used to treat the defect as an isolated 

scattering state in the center of the nanotube. 
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