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ABSTRACT  We report the electrical characteristics of substrate-supported metallic single walled 

carbon nanotubes (SWNT) at temperatures up to 573 K over a range of bias voltages (Vb) for zero gate 

voltage in air under atmospheric pressure. Our results show a monotonic increase of resistance with 

temperature, with an I-Vb characteristic that is linear at high temperature but nonlinear at low 

temperature.  A theory for electrical resistance is applied to the data which shows that the transition to 

Ohmic behavior at high temperature is the result of optical phonon absorption, rather than acoustic 

phonon scattering. 
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The electrical characteristics of single walled carbon nanotubes (SWNT) are of interest for a variety 

of applications, including as transistors and interconnects [1-5], thermal management of electronic 

systems [6], biological sensors [7], thermal therapeutics for cancer treatment  [8] and thermal property 

measurements [9,10].   In many of the applications a bias voltage (Vb) is imposed across the SWNT at 

elevated temperatures which makes it important to determine how ambient temperature influences 

electrical resistance.   

A number of studies have reported the measurements of individual SWNTs at temperatures below 

300 K [11-17] and fewer studies have reported data at temperatures significantly above 300 K for 

SWNT ropes, sheets and fibers  [1,11,18,19].  Individual suspended SWNTs have been taken up to 400 

K [5,13,14].   The highest temperature at which the electrical resistance of a nanotube was measured - 

for a multi-walled carbon nanotube - is 523 K [19].   

In this note we report electrical characteristics of individual substrate-supported metallic SWNTs 

over a range of Vb at temperatures up to 573 K in air at atmospheric pressure and for zero gate voltage.   

Substrate-support provides greater structural integrity than suspended SWNTs; negative differential 

conductance (NDC) is not generally exhibited because of effective thermal coupling to the substrate and 

reduced self-heating effects [5,16,20-23]; and contact of a gas with an SWNT can potentially enhance 

the current carrying capability [13].   

SWNTs  are obtained by direct growth  across FeO3/MoO2 catalyst pads placed on a 500 nm SiO2 

layer with a Si substrate in a CVD process under a constant flow of methane as described previously 

[2,15,22,24,25].  A 50 nm sublayer of Cr lines 10 µm apart is patterned on top of the  SiO2  and a 50 nm 

Au layer is patterned on top of the Cr.  AFM scans showed L  ≈ 11 ± 1 µm and tube diameters between 

1 nm and 2 nm. Devices were electrically probed using an Alessi  Rel 4100-A probe station [26] fitted 

with a Temptronic Thermochuck for heating the tubes.  A Keithley 2410 Source Meter was used to 

obtain two-terminal current-voltage characteristics under LABView control. The electrical 

characteristics of metallic SWNTs are reported: one tube (SWNT1) is probed up to Vb=2V to potentially 

promote nonlinear effects; the other tube (SWNT2) is limited to Vb < 0.05V and smaller temperature 
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increments.   

Figures 1 and 2 show the measured variation of current with Vb for SWNT1 and SWNT2, 

respectively, at the indicated temperatures (lines are discussed later).   
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              Figure 1 
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Figure 2 

At low bias the variation is linear which means that the resistance (R = Vb/I) is independent of Vb (see 

inset to figure 1).  Contact scattering effects [16] are not evident from the data for both of the long 

SWNTs investigated. 

As Vb increases at low temperature for SWNT1, a progressively nonlinear variation of current with 
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Vb is found, though NDC was not observed.  The saturation current for NDC is predicted [16] to be on 

the order of ( )2
o eI 4q / h h/≈  where h/ , q, and  he are Planck’s constant, electric charge and optical 

phonon threshold energy, respectively.  Taking he ∼ 0.16 eV (a value associated with zone boundary 

phonon emission [22]) gives Io ∼ 25µA which is significantly higher than the high bias currents shown 

in figures 1 and 2.  

To understand the temperature effects we apply the Landauer-Buttiker formulation [14]  
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= .  In eq. 1, h/ , q, Rc, L and λeff  are Planck's constant, electric 

charge, contact resistance, SWNT length and total effective mean free path (MFP), respectively, where 

λeff includes contributions from acoustic scattering, and optical emission and absorption of phonons: 
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. To is a reference temperature, taken as 300 K, and Tac  

and Top are phonon temperatures associated with acoustic and optical emission. The contributions to 

λop,ems come from two effects: the distance (λd) required for electrons to reach the energy he with the 
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spontaneous optical emission length corrected for temperature, o o
ems,fld d opo
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n (T )+1

λ λ λ . 

The approach taken here was to find values of the parameters that best represented the measurements.  

A simple lumped thermal model for the SWNT temperature is used for the comparatively large aspect 

ratio (greater than 1000) SWNTs investigated here whereby Joule heating is equated to thermal losses as  

2
c aci (R R ) Lg(T T )∞− = − .  g is a measure of the heat loss per unit length to the surroundings, the 

temperature corresponds to acoustic phonons, and L is the length of the tube.  Tac is related to Top as 

[5,9] Top=Tac + α(Tac-T∞) where α is the fraction of the total thermal resistance along the SWNT that is 

associated with optical phonons.   

The STEPIT algorithm  [27-29] was used to determine the parameters (Rc, λaco, λopo, he, α, and g) that 

globally matched the current and voltage measurements for SWNT1 and SWNT2.  The code uses a 

scheme for sequential examination of trial solutions to find the ‘best’ that minimizes an objective 

function, FOBJ, which is defined as  
2m

j,measured j,predicted

j,measuredj 1

i i
FOBJ

i
=

⎛ ⎞−
= < ε⎜ ⎟⎜ ⎟

⎝ ⎠
∑  where the index "j" ranges 

over the individual paired I-Vb measurements and ε is a prescribed error.  FOBJ is determined at each 

step "i" in the search, which includes a strategy for determining variations in parameter step sizes used 

for the next trial solution.  Since the calculation of Tac(i) and Top(i) depends upon adjustable parameters, 

an internal loop (that rapidly converged) is included to make a consistent calculation. We found that for  

all of the data reported here, the algorithm always drove g to a "large" value indicating excellent thermal 

coupling with the substrate and α was driven to zero, the combination of which indicates thermal 

equilibrium, Top=Tac=T∞. Furthermore, the best fit (lowest FOBJ) corresponded to Rc being driven to 

zero as well for all conditions of this study, though from our fabrication process we may in fact expect 

that Rc ∼ 30kΩ or less [15].  The extracted room temperature parameters showed little sensitivity to Rc 
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less than this value.  While a precise value of Rc could not be determined, it should be small relative to 

the measurements shown in figures 3 and 4, especially at high temperature. 

For SWNT1 we find that he = 0.31 eV, λaco=650.1 nm, and λopo=1.04 nm produces the lowest FOBJ. 

These values are within general expectations except that λopo is somewhat small compared to previous 

results [16,22].  The differences appear to be mostly a consequence of the resistance model not 

describing well the I-Vb characteristics at low temperature (293 K) and high Vb which could be due to 

additional scattering mechanisms not considered in the model. Figure 3 compares the variation of 

predicted and measured resistances with temperature for SWNT1. The predicted resistance is a low-bias 

value taken at Vb = 0.01 V as the inset to figure 1 shows that R does not depend on Vb for Vb < 0.2 V.   

The experimental resistance values were obtained by linearizing the data (figures 1 and 2) over Vb < 

0.05V.   
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                 Figure 3 

 

For SWNT2, he =0.148 eV, λaco = 980 nm and and λopo = 166.1 nm yields the lowest FOBJ.  Figure 4 

compares the predicted and measured variations of resistance using these parameters.   
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       Figure 4 

Figures 3 and 4 show resistances that differ by about 25% at low temperature to over 200% at high 

temperature.   Possible reasons include variations of the SWNT chirality which is difficult to control in 

the manufacturing process, humidity which can influence the relationship between Vb and current [30], 

or variations in tube diameter (i.e., as he ∼ 1/d2 [31]).  This finding may have a significant impact on 

using SWNTs in sensing applications as it will require a calibration effort for each SWNT.   

To further understand the role of temperature above 300 K and bias on electrical characteristics, 

figure 5 shows the computed MFPs using the SWNT1 parameters for illustration. 
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Only the optical emission MFP (λop,ems) depends on Vb.  At low temperatures (∼ 300 K) and low Vb 

acoustic phonons most influence the flow of current because λac<<λop,ems and λac<<λop,abs  so that R (eq. 

1) will not then depend on Vb resulting in a linear I-Vb relationship.   As Vb increases at low 

temperature, λop,ems ∼ λac and optical emission phonons which are influenced by Vb begin to exert an 

influence on current and I is then not linear with Vb.  With increasing temperature and a given Vb, 

λems,abs <λems,fld  and therefore λop,ems ~λop,abs. It is the λop,abs contribution that produces the strong 

temperature dependence in λop,ems seen in Figure 5, and this MFP, rather than the weaker temperature 

dependence of λac is responsible for the approach to a linear I-Vb relation observed in the high 

temperature data in Figure 1.  

In summary, we presented data for substrate-supported SWNTs as a function of temperature up to 

573K in air and atmospheric pressure.  At "low" Vb and "high" temperature both SWNTs show Ohmic 

behavior though the currents are substantially different at high temperature which yields different room 
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temperature optical and acoustic MFPs that best characterized the data. Reasonable parameter values 

and good fits to the data are found which indicate excellent thermal coupling to the substrate.  The 

results also show that optical phonon absorption, rather than scattering by acoustic phonons, produces 

the Ohmic behavior at elevated temperatures.  
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Figure Captions 

Figure 1:  Variation of current with Vb for SWNT1 at four temperatures.  Predictions (solid lines) 

correspond to best-fit values of parameters: λaco=650.1 nm, λo,o= 1.04 nm, eh 0.31eV= and Rc=0.0 Ω. 

Figure 2:  Variation of current with Vb for SWNT2 at 21 temperatures.  Linear correlations shown 

for 298K and 572K for illustration.  

Figure 3: Variation of electrical resistance with temperature for SWNT1.  Measured value (•) is 

obtained by linearizing the measurements (see figure 1) for 0 < Vb < 0.2V.  Predicted resistances 

correspond to Vb=0.01V and the following parameters: Rc=0.0 Ω,  λaco=650.1 nm, λo,o= 1.04 nm and 

eh 0.31eV= . 

Figure 4:   Variation of electrical resistance with temperature for SWNT2.  Measured values (•) are 

obtained by linearizing the measurements (figure 2) for 0.01 < Vb < 0.05V.  Predicted resistances 

correspond to Vb=0.01V and the following parameters: λaco=980 nm, λopo= 166.1 nm, eh 0.147eV= and 

Rc=0.0 Ω,. 

Figure 5:  Variation of MFPs with temperature at various Vb computed using SWNT1 parameters. 
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