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 Abstract  - To assess  their potential for interconnect 
applications, the interplay between electrical and thermal 
transport in carbon nanofibers (CNFs) under high-current 
stresses is examined. Electrical properties of  CNFs bridging 
tungsten-deposited gold electrodes are measured. Average 
voltage is recorded as a function of current in each current 
stress cycle, and the resulting average resistance is shown to 
decrease with increasing stressing current. This finding reveals 
an important effect of Joule heating on the resistance of carbon 
nanostructures.

 Index Terms – carbon nanofiber, electrothermal transport, 
Joule heating

I. INTRODUCTION

 Carbon nanostructures have been extensively 
investigated as potential next-generation interconnect 
materials [1-5]. One of the candidates, carbon nanofiber 
(CNF), is made of a stacked-cone structure surrounded by 
one or more cylindrical graphene walls [1].  In order to 
evaluate whether CNFs can indeed replace metal 
interconnects in sub-30nm integrated circuit technology, 
understanding the electrical and thermal characteristics of 
this material is of critical importance.

Recent studies of electrical and thermal characteristics 
of CNFs have shown that breakdown of CNFs is closely 
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Fig. 1 (a) Schematics of CNF with Au-electrode contacts and CNF with 
W-Au-electrode contacts. (b) SEM image of CNF with Au electrodes. 
(c) SEM image of CNF with W-Au electrodes.
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related to Joule heating [6,7]. We have also shown that how 
CNF is contacted to the substrate or electrodes determines 
the CNF breakdown location and maximum current density 
[8]. For the present study, additional measurements and 
analyses are carried out on CNFs with W-Au electrodes. 
Average voltage in each current stress cycle shows a 
decrease with increasing stressing current (lower resistance 
as stressing current increases).  This decrease in resistance is 
attributed to the elevated maximum temperature in CNF due 
to Joule heating, which enhances thermally activated 
transport in the nanofiber [9].

II. EXPERIMENT

 Two different contacts are shown in Fig.  1(a), drop-cast 
CNF on Au electrodes and W-deposited Au electrodes. CNFs 
are grown using plasma-enhanced chemical vapor deposition 
(PECVD) with Ni catalyst on SiO2 substrate. The drop-cast 
CNF-electrode devices revealed resistances ranging from 0.1 
to 10 MΩ [6]. This high resistance is caused by poor contact 
between the CNF and electrodes. However, if current on the 
order of 100 µA is applied (current stressing), resistance 
decreases by orders of magnitude, down to 1 to 10 kΩ range. 
To form a low-resistance contact,  we deposit W on the CNF-
electrode contact as shown in Fig. 1(c), using a focused ion 
beam system with source gas W(CO)6. Without current 
stressing, the resistance is already in the kΩ range, and is 
insensitive to subsequent current stressing [7]. This finding 
demonstrates that the contact is highly stable and its 
electrical (and thermal) resistance is much lower than that 
formed by drop-casting CNF on Au. Here we study further 
the electrothermal transport properties of CNF test devices 
with W-Au electrodes.

III. RESULTS AND DISCUSSION

 CNF partially supported on SiO2 between two W-Au 
electrodes is investigated. Fig. 2(a) shows the pre-stress 
scanning electron microscopy (SEM) image of this test 
structure and Fig. 2(b) shows that after a stressing current of 
100 µA was applied for three minutes. After current 
stressing, the contacted segment, based on SEM bright-
contrast image analysis [5], increases in length as shown in 
Fig. 2(b), while breakdown occurs at 250 µA. Thus, 
although the 100 µA stressing current is insufficient to 
initiate breakdown of the CNF, it nonetheless increases the 
fraction of substrate contact segment,  resulting in more Joule 
heat dissipated through the substrate. Heat dissipation at the 
W-Au electrodes is highly efficient compared to that at the 
substrate contact, since breakdown always occurs closer to 
the substrate contact segment [8]. 
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For each test device, we apply stressing current 
progressively, i.e., in the first cycle, a small current is 
applied for three minutes,  and in the second cycle, a slightly 
larger current is applied for another three minutes, etc. Fig. 
2(c) shows the voltage averaged over each stress cycle as a 
function of stressing current for three test devices. While the 
stressing current remains constant in each cycle, the voltage 
reading fluctuates with time and the average voltage is an 
appropriate measure of the voltage in that cycle. Such 
voltage measurement is performed at elevated temperature 
due to Joule heating during the stress cycle. Since the room-
temperature resistance after each cycle remains essentially 
unchanged [7], this decrease in resistance during current 
stressing must reflect the change in bulk CNF properties at 
elevated temperatures. For each device, below 100 µA 
stressing current, the voltage varies almost linearly with 
current, indicating little change in average resistance from 
one cycle to the next. Above 100 µA, the voltage starts to 
taper off,  and seems to approach saturation at high stressing 
current. The maximum temperature in the CNF due to Joule 
heating must increase with stressing current regardless of the 
elongated supported segment in Fig. 2(b),  otherwise 
breakdown would not occur.

Fig. 3 shows the average resistance computed from Fig. 
2(c) as a function of stressing current. Since the amount of 
Joule heat goes up with increasing stressing current, this plot 
can be regarded as the qualitative behavior of CNF 
resistance with increasing temperature. In ref.  [7], we 
performed a complementary experiment, where resistance 
was measured after stressing current was turned off and the 
CNF was cooled down to room temperature, using much 
smaller current than in the stress cycle so that Joule heating 

Fig. 2 Changes in CNF due to current stressing.  SEM images of 
the CNF test structure (a) before current stress and (b) after 
stressing at 100 µA. (c) Observed average voltage as a function of 
stressing current for three test devices.
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was negligible. The result showed that resistance as a 
function of stressing current was almost constant and in the 
kΩ range [7]. The comparison of these two measurements, 
combined with our previous findings [5,6], suggests that the 
resistance change due to Joule heating is mostly entirely due 
to change in bulk CNF properties at elevated temperatures, 
not contacts, and is reversible once the system returns to 
room temperature.

The mechanism for CNF bulk resistance decrease with 
temperature was discussed in the context of transport in 
disordered media [9]. Our CNF devices have impurities and/
or lattice defects, which often serve to trap carriers. Thermal 
energy releases these carriers from the trap centers, giving 
rise to lower resistance. Thus transport is controlled by 
thermal activation of these trapped carriers and their 
subsequent re-trapping as the temperature is lowered [9]. 
The same mechanism would account for the decrease in 
resistance in Fig. 3, as the temperature increases with 
increasing stressing current due to Joule heating. Resistance 
reduction with increasing temperature is similar to variable 
range hopping in disordered materials [10], but the electron 
wave nature is not expected to be a determining factor in our 
case, since our measurements are performed at or above 
room temperature. 
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