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In this paper, a simple and low temperature fabrication process, slow spin rate coating and dry etching, is
proposed to construct the CNT-interconnects for future VLSI interconnect applications. Two sets of CNT-
interconnects named width and length varying interconnects were fabricated to investigate the charac-
terization of size dependent conductivity of CNT-interconnects. Not only the amount of the CNT solution
spin-coated for forming the CNT networks but also the area of CNT-interconnect regime would affect the
conductance, variation, and conductive probability of CNT-interconnects. The yield of working CNT-inter-
connects does not show direct relation with the conductive probability or the amount of the CNT solution
for CNT network formation. Based on the percolation theory, we characterize the average conductance of
size-varying CNT-interconnects by three regions: percolation region, power region and linear region. In
addition, as the density within a specified CNT-interconnect regime accumulates, the conductive behav-
ior would be eventually characterized as a conventional resistor.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Copper has been the dominant interconnect material in the VLSI
technology since the late 1990s due to the excellent bulk conduc-
tivity of 5.88 � 105 S/cm and electromigration reliability [1]. Over
many technological generations, the device dimensions now pro-
ceed into nanometer regime. However, continued scaling down
of the integrated circuit has been degrading the performance of
Cu-interconnects. According to the experiments proposed by Liu
et al. [2], the conductivity of copper film would decrease to
3.09 � 104 S/cm as the thickness reduces to 11.5 nm. Constantly
shrinking the thickness to less than 10 nm, the copper film would
be in the form of many discontinuous islands which, in turn, causes
resistivity to surge to an extremely high extent. Besides, in 2004,
Rossnagel further proposed that the thickness dependent ‘‘size ef-
fect’’ including electron-surface scattering, grain boundary scatter-
ing and surface roughness-induced scattering would alter the
conductivity of copper by simulation [3]. Furthermore, the occur-
rence of electromigration would also seriously influence the reli-
ability of Cu-interconnects as the size of the deposited copper
grains reduces [4]. Apart from the defects from the size effects,
the fabrication method for Cu-interconnects was also an enormous
obstacle for engineers since the copper cannot be patterned by dry
etching. Although the damascene process has become the industry
standard for Cu-interconnects’ fabrication [5], the diffusion of the
Cu atom into the surrounding dielectric and silicon substrate
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would deteriorate the device performance as the dimensions of
interconnect are continuously being scaled [6]. Therefore, looking
for new materials which can replace Cu as interconnects is a criti-
cal issue.

In recent years, carbon nanotubes (CNTs) have emerged as an
ideal material for post-Si technology mainly due to the exceptional
electrical properties [7–10]. For instance, a single metallic carbon
nanotube with diameter of 1 nm can theoretically pass about
2.4 � 108 A/cm2 of current density without adverse effects which
is approximately one thousand times more than copper [11]. Such
an excellent current capability shows great potential for electronic
application [12–16]. However, the variations of carbon nanotubes
arising from non-idealities in the CNT synthesis process have been
the major drawback to mass reproduction [17]. By ensemble aver-
aging over the large quantity of individual tubes, the tube-to-tube
resistance variation could be effectively reduced according to
much past research [18]. Additionally, the electronic application
of random interconnected network of CNTs not only retains
remarkable properties but also provides a relatively simple fabrica-
tion process. Previous studies were able to construct CNT networks
by spin coating [19], vacuum filtration [20], printing method for
transferring to a flexible plastic substrate [21], and directly grow-
ing on dispersed catalyst with CVD at temperatures greater than
400 �C [22]. However, the enhancement of CNT network conductiv-
ity has still posed great challenges on the further advancement of
carbon nanotube electronics. The low conductivities could mainly
be due to tube defects [23], low graphitization [24], the presence
of high junction resistances between metallic and semiconducting
CNT [25] and poorly dispersed film. In 2011, Zhenen Bao’s group
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developed an effective method to enhance the conductivity of
spin-coated CNT networks by depositing CNT on three types of
substrates (silicon, glass, and polyethylene terephthalate (PET))
that were treated with amine-rich poly-L-lysine (PLL). The results
show that they have improved the sheet conductance of spin-
coated CNT networks to about 7 � 10�5 S [26]. This work attempts
to address a simple and low temperature fabrication process, slow
spin rate coating and dry etching, to construct various sizes of CNT-
interconnects and demonstrate the size associated characteristics
of the conductance, variations, and conductive probability of the
CNT-interconnects. In addition, the transition of CNT-interconnect
electrical properties resulting from different times of coating cycles
and the area of CNT-interconnect regime will be shown and inter-
preted by percolation theory as well.
2. Experiments

Two sets of CNT-interconnects were designed for the size
dependent conductivity investigation as illustrated in Fig. 1a. The
CNT-interconnects in the first set have fixed length at 100 lm with
width varying from 5 lm to 500 lm, while the other set has fixed
width at 5 lm with length varying from 5 lm to 1000 lm. The for-
mer set is named width varying CNT-interconnects and the num-
ber of squares is in the range of 0.2–20. The latter is named
length varying CNT-interconnects and the number of squares is
in the range of 1–200. The square number, the length of intercon-
nect (L) divided by the width of interconnect (W), is a common fac-
tor for designing interconnects in the VLSI technology. The
conductance of each CNT-interconnect was measured by a four-
terminal bridge resistor as depicted in Fig. 1b. The starting mate-
rial, boron-doped (100)-oriented 4-inch-diameter silicon wafer,
was first capped by a 200-nm-thick thermal oxide and followed
by a 1-nm-thick layer of Al2O3 deposited by an atomic-layer depo-
sition (ALD) system in order to improve the uniformity of CNT dis-
tribution [27,28]. In this experiment, we adopted AP-grade CNT
powder commercially available from Carbolex which contains the
CNTs with an average diameter of 1.4 nm and an average length
of 3.5 lm. The distribution of the semiconducting and metallic
CNT in the powder is about 2:1 as determined by Raman spectros-
Fig. 1. Schematic array of four-probe bridge resistors: (a) Illustration of the CNT-
interconnects in length varying set has length varying from 5 lm to 1000 lm with
5 lm fixed in width and the CNT-interconnects in width varying set has width
varying from 5 lm to 500 lm with 100 lm fixed in length. (b) Schematic diagram
of four-probe resistors designed for this work. Adjacent two probes are designed to
have about 5 lm of space for precise measurement. (c) SEM image of the CNT
network fabricated by 40 cycles of spin coating in interconnect regime.
copy [29]. In addition, the purity of CNT powder is 50–70% with
residue catalyst Yttrium (Y) and Nickel (Ni). The CNT solution for
the experiment was prepared by dissolving 2 mg arc discharge
grown CNTs in dimethylformamide (DMF) solvent and then was
uniformly dispersed by 24 h sonication. By several coating cycles,
uniform and dense CNT networks were expected. In each cycle,
about 0.5 mL of the CNT solution was first dropped at the wafer
center, and then the wafer was spun by the spin speed of
100 rpm for 10 s and followed by a 120 �C baking to evaporate
the DMF solvent entirely. The CNT networks formed on the wafer
after 40 cycles (20 mL) are shown in SEM image of Fig. 1c. From
several images, the average spin-coated CNT density per unit area
by the amount of 20 mL CNT solution could be approximated about
8.5 CNTs/lm2 by manually counting. The four-terminal bridge
resistors for conductance measurement were fabricated by depos-
iting 60 nm Pd/Ti metal with the ratio about 9/1 by a sputtering
technique and patterned by a lift off process. Finally, the CNT-
interconnect regimes were specified by O2 plasma etching. The
main process flow of CNT-interconnect construction is illustrated
in Fig. 2.
3. Results and discussion

3.1. Conductance distribution of the CNT-interconnects

Fig. 3a and b shows the conductance distribution of the width
and length varying CNT-interconnects, respectively, fabricated by
the amount of 10 mL (20 coating cycles), 20 mL (40 coating cycles),
and 80 mL (160 coating cycles) CNT solution. The statistical distri-
bution shows that the conductance of every CNT-interconnect is
apparently enhanced by the increase of the times of coating cycles.
It can be understood that the more CNTs randomly distributed in
the CNT networks, the higher the probability for CNTs to connect
conductive paths. Moreover, the sheet conductance of the CNT-
interconnects formed by the amount of 10 mL, 20 mL, and 80 mL
CNT solution ranges from 3.42 � 10�6 to 8.05 � 10�5 S, 1.50 �
10�5 to 1.21 � 10�4 S, and 7.40 � 10�5 to 2.09 � 10�4 S, respec-
tively. It is known that the interconnects between two metallic
or two semiconducting CNTs have lower resistances than a metal-
lic/semiconducting interface [30]. This would affect the conductiv-
ity of the CNT-interconnects because the carrier transportation in a
CNT random network is dominated by the Schottky emission [27].
It is noted that except for some points with extreme values, the
conductance variations of each size of CNT-interconnect mostly be-
come narrow as the times of coating cycle increase. Additionally,
most of the CNT-interconnects fabricated by the amount of
80 mL CNT solution have the conductance variation around one or-
der. These results verify that the CNT network is effective to lower
the variation as the CNT density increases in the interconnect re-
gime. These results further show that the CNT-interconnects with
the size of L �W = 1000 lm � 5 lm are probable to be conductive
and possess the average conductance approximately 5.22 � 10�7 S
as shown in Fig. 3b.

Compare Fig. 3a with b, under the same square number of CNT-
interconnects and the same coating cycles for CNT networks for-
mation, the CNT-interconnects with a smaller area of interconnect
regime mostly possess lower conductance and larger variation. The
results could be interpreted that the spin coating technique and
the 1-nm-thick layer of Al2O3 could facilitate the uniformity of
CNT dispersion on the wafer, but the distribution of CNT conduc-
tive paths within the specific CNT-interconnects with the same
square number might not be the same once the interconnect re-
gimes were specified. In terms of the probability, the CNT-inter-
connects with larger interconnect area is likely to contain more
end to end CNT conductive paths.



Fig. 2. Main process flow for conductance of the CNT-interconnects measurement: (a) after wet oxide growth, (b) after 1-nm-thick layer of Al2O3 growth by ALD for uniform
distribution of the CNT networks, (c) after formation of the CNT film and baking process, (d) after sputtering and lift-off techniques for bridge resistors patterning and O2

plasma etching for interconnect specification.
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3.2. Conductive probability statistics of the CNT-interconnects

Fig. 4a and b shows the histograms of the yield of working
width and length varying CNT-interconnects versus the square
number of the CNT-interconnect fabricated by the amount of
10 mL, 20 mL, and 80 mL CNT solution for the CNT network forma-
tion, respectively. In this study, we inferred the yield of the CNT-
interconnects by randomly sampling ten CNT-interconnects for
each condition. Basically, both figures demonstrate that the con-
ductive probability of CNT-interconnects mostly decreases with
the increase of the square number of the CNT-interconnect or the
decrease of the times of coating cycles for the CNT network forma-
tion. However, the yield results show that under the same inter-
connect regime, part of the CNT-interconnects formed by the
amount of 20 mL CNT solution has a higher yield than that formed
by the amount of 80 mL CNT solution. This phenomenon could be
attributed to the limited sticky ability of CNTs to the 1-nm-thick
Al2O3 layer, so that the CNT density could not constantly accumu-
late within the interconnect regimes by such a spin coating meth-
od. In this experiment, we slowed down the spin speed to 100 rpm
to keep the dropped CNT solution on the wafer as much as possible,
and the well suspended CNTs in the solution were expected to uni-
formly deposit and form a CNT network after the evaporation of
solvent during the baking process. With a total amount of 80 mL
CNT solution, a highly dense CNT network could be fabricated,
but the sticky ability from the CNTs in the relatively upper CNT
network to the Al2O3 layer would be weak. Therefore, the CNTs
are easily stripped during the following fabrication process, such
as lithography process or lift off for patterning the bridge resistors.
It is worthy to note that increasing the times of coating cycles
would enhance the yield of CNT-interconnects with a relatively
dimension. As shown in Fig. 4b, the maximum square number of
CNT-interconnect fabricated by the amount of 10 mL CNT solution
is 40 with the probability of 30%, while in the 20 mL case, the CNT-
interconnects with 100 square numbers possess about 30% yield. In
the last case, the amount of 80 mL CNT solution enhances the CNT-
interconnects with 200 square numbers to have a 20% yield.

3.3. Characteristics of the CNT-interconnect conductance

Fig. 5 shows the fitting curves for average conductance of the
width varying CNT-interconnects fabricated by the amount of
10 mL, 20 mL, and 80 mL CNT solution. Because of the quasi one-
dimensional structure of the CNT, the conduction of the random
distributed conductive sticks could be explained by percolation
theory, in which the relation between the conductivity and the
CNT density within a specified interconnect regime can be ex-
pressed as follows [31,32]:

r / ðN � NcÞa; ð1Þ

where r represents the conductivity of the CNT-interconnect. N is
the CNT density, and Nc is the critical CNT density corresponding
to the percolation threshold. Above the critical density, it is possible
for CNTs in a random configuration to connect conductive paths.
The critical density for the CNT model is given by

l
ffiffiffiffiffiffiffiffiffi
pNc

p
¼ 4:236; ð2Þ

where l is the average length of the CNT. The formula (2) demon-
strates that the critical density is a CNT length dependent parame-
ter. As previously mentioned, the average CNT length is 3.5 lm, and
then the critical density of a specified CNT interconnect regime can
be approximately calculated as 0.466 CNTs/lm2. The critical expo-
nent, a, is a parameter depending only on geometry of the space.



Fig. 3. Conductance distribution of the CNT-interconnects fabricated by the amount
of 10 mL, 20 mL, and 80 mL CNT solution by slow spin rate coating and dry etching
for (a) the CNT-interconnects in width varying set, (b) the CNT-interconnects in
length varying set.

Fig. 4. Histograms of the number of working CNT-interconnects for (a) the CNT-
interconnects in width varying set, (b) the CNT-interconnects in length varying set.
10 CNT-interconnects for each case were randomly sampled for statistics.

Fig. 5. The size dependent characteristics of the average conductance of the width
varying CNT-interconnects fabricated by the amount of 10 mL, 20 mL, and 80 mL
CNT solution by slow spin rate coating and dry etching. With the increase of times
of coating cycle for CNT network formation, the phase transition phenomenon
(percolation region–power region–linear region) is demonstrated.
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As determined in percolation theory, a = 1.33 is for a two dimen-
sional film [33]. The formula (1) was applied to fit the relation be-
tween the average conductance and the square number of the
width varying CNT-interconnect as shown in Fig. 5. The proportion-
ality constants corresponding to 10 mL, 20 mL, and 80 mL CNT solu-
tion for the CNT network formation are 1.53 � 10�5, 1.33 � 10�4

and 4.25 � 10�4, respectively. These proportionality constants are
mainly involved with CNT self-resistance and tube-to-tube contact
resistance, and this resistance originates from CNT diameter, spe-
cies, chirality and defects, etc. [34]. Therefore, research has only dis-
cussed the critical density. In 2004, Hu et al. investigated the
percolation phenomena in an ensemble of CNTs by using a filtration
method to filter a dilute suspension of nanotubes in a solvent over a
porous alumina filtration membrane (length 3 mm and width
5 mm) [35]. With the times of vacuum filtering increasing, more
and more CNTs were stuck on the membrane and resulted in higher
and higher probability of formation of CNT connected conductive
paths. Eventually, they obtained the percolative relation between
the conductance of the CNT networks on the porous alumina filtra-
tion membrane with cumulative CNT density. In our experiment,
because of the thin layer of Al2O3 under the CNT networks, the CNTs
would uniformly spread on the wafer by spin coating. Furthermore,
CNT densities fabricated by slow spin rate coating were expected to
be very dense, so CNTs per unit area could be reasonably assumed
as constant. However, such high density CNT networks were diffi-
cult to assess the density by manually counting, so we made a rea-
sonable assumption that the average CNT density per unit area is



Fig. 6. The size dependent characteristics of the average conductance of the length
varying CNT-interconnects fabricated by the amount of 10 mL, 20 mL, and 80 mL
CNT solution by slow spin rate coating and dry etching. With the increase of times
of coating cycle for CNT network formation, the phase transition phenomenon
(percolation region–power region–linear region) is demonstrated.
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linearly proportional to the volume of solution applied to the spin
coating to estimate the densities of the CNT networks. Therefore,
the CNT density per unit area formed by 10, 20 and 80 mL CNT solu-
tion could be approximated as 4.25, 8.5 and 34 CNTs/lm2. In terms
of the probability, if the width of CNT-interconnect becomes wider,
then electrodes have more chances to contact with CNTs. In addi-
tion, the electrodes are more likely to come across the CNTs aligned
along the direction of two electrodes in the network and transport
to the other electrode. Conversely, narrowing down the width
would also lower the probability of the conduction of CNT-intercon-
nects because some conducting paths in the network may be cut at
the edge of interconnect. Therefore, with fixed lengths of CNT-inter-
connects, varying the CNT-interconnect width could have a similar
effect as the change of the CNT density under specified times of
coating cycles for CNT-interconnect formation. This implies the
equivalence of the CNT density with the reciprocal of the square
number of CNT-interconnect. In addition, we define the critical
square number, Sc, which is analogous to the critical density, Nc,
in the formula (1). That means, under specific times of coating cy-
cles, the square number of CNT-interconnect less than critical
square number would possess at least one conductive path.

Based on the above statement, the critical exponent of the
power fitting curves for conductivity of the two dimensional
CNT-interconnect, as a function of the reciprocal of square number
about 1.33, means that the CNT connected paths in these CNT-
interconnects forms a conductive plane. In this work, we classified
the sizes of CNT-interconnects with such characteristics into
power region. From Fig. 5, the exponent of the power fit is about
1.16 for the CNT-interconnect formed by the amount of 10 mL
CNT solution. Referring to the approach proposed by Hu et al. in
2004, they found that the exponent, 1.5, of the power fit for the
conductance of the CNT-interconnects with the increasing CNT
densities came close to 1.33 after excluding some points around
percolation region. We defined here the sizes of CNT-interconnects
belonging to percolation region as the CNTs in the CNT-intercon-
nect regime connect into only few conductive paths distributing
sparsely in the CNT-interconnect regime. We also adopted a similar
method to our results to investigate the power region. It is found
that the exponents of fitting curves deviated from 1.33, as our fit
includes less and less points excluding from the CNT-interconnects
with L �W = 100 lm � 500 lm. This result interprets that all of
the sampled CNT-interconnects in this case are classified into per-
colation region. As for the width varying CNT-interconnects fabri-
cated by the amount of 20 mL CNT solution, the average
conductance was fitted by a power function with the exponent
1.45. The best fit for the power region in this case is to exclude
the points of the 100 lm � 500 lm and 100 lm � 5 lm intercon-
nects. The result not only interprets that the square number of
20 is the critical square number of CNT-interconnects fabricated
by the amount of 20 mL CNT solution, but it also shows that the
100 lm � 500 lm CNT-interconnect should be sorted into another
region, named linear region in this paper, in which the conduc-
tance of the CNT-interconnect would be linearly related with the
square number of CNT-interconnects [36]. It is because the mutual
contact resistance from tube-to-tube CNTs becomes influential, as
the width of interconnect regime enlarges. Same power fit ap-
proach was applied to the CNT-interconnects formed by the
amount of 80 mL CNT solution, and the exponent of the power
function is fitted as 1.51. As the CNT-interconnects with the size
of 100 lm � 500 lm and 100 lm � 100 lm were neglected, the
exponent of the fitting curve became 1.27 which means that the
CNT-interconnects with the size less than one square number be-
longs to linear region while other points are sorted into power
region.

By the previously mentioned approach, the characteristics of
the length varying CNT-interconnects fabricated by the amount
of 10 mL, 20 mL, and 80 mL CNT solution are analyzed and shown
in Fig. 6 with the proportionality constants 6.76 � 10�5,
1.05 � 10�4 and 1.80 � 10�4, respectively. In this case, the width
of length varying CNT-interconnects is fixed at 5 lm, hence varying
the length of CNT-interconnects could be viewed as the change of
interconnect size. Again, the CNT per unit area could be viewed as
constant owing to the uniformity of CNT distribution. Therefore,
when the CNT-interconnect length was elongated, the CNTs would
have less chance to connect to other CNTs and form conductive
paths. Conversely, it is more likely to hold higher density of CNT
conductive paths in shorter interconnects. Therefore, it is reason-
able to conclude that the variation of CNT-interconnect length
has a similar effect as the change of the CNT density under speci-
fied times of coating cycles for CNT-interconnect formation.

From Fig. 6, the exponent of the power related function for the
interconnects with 10 mL of the CNT solution is about 1.49 which
interprets that the CNT-interconnects with the sizes of
200 lm � 5 lm, 100 lm � 5 lm, and 75 lm � 5 lm are sorted
into percolation region. In addition, the critical square number of
the CNT-interconnect fabricated by the amount of 10 mL of CNT
solution could be approximated as 15. With the amount of 20 mL
CNT solution, all sampled sizes of CNT-interconnects are classified
into power region based on the 1.34 of exponent of the power
dependent fitting curve. As for the case of 80 mL CNT solution,
the result shows that all of the sampled results fall in the linear re-
gion. In addition, the average conductance of 5 lm � 5 lm CNT-
interconnects formed by the amount of 10 mL, 20 mL, and 80 mL
CNT solution is approximately 2.02 � 10�5 S, 2.66 � 10�5 S and
1.15 � 10�4 S, respectively, which indicates better results than
Zhenen Bao’s group in 2011 by our simple fabrication process.

Furthermore, it is worthy to note that the increase of the aver-
age conductance of CNT-interconnects with the same size is not
proportional to the times of coating cycles for CNT-interconnect
formation. Such phase transition phenomena could also be ex-
plained by the percolation theory. The conductance of CNT-inter-
connect would surge quickly as power behavior with the
increase of the CNT density and finally the density dependence
would become linearly related as a conventional resistor. In this
situation, the percolation theory could not be applicable to explain
the conduction phenomena of the random distributed CNTs. In-
stead, the Ohm’s law is comparatively appropriate to comprehend
conductive behavior of CNT-interconnects with high density of
CNTs.
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This paper mainly focuses on the conductive mechanism and
interconnect structure design of CNT-interconnects, and the reli-
ability of CNT-interconnects is a critical issue and worth further
researching. According to our preliminary experiments for CNT-
interconnect reliability test, we discovered that the disconnection
occurred at the contact between metal pad and CNTs, not at CNT
tubes after long-time ejection of current through the CNT-inter-
connect. It is mainly because of that current crowding caused by
the large difference between the width of a metal pad and the total
width of CNTs. This non-homogeneous current density finally leads
to electromigration at the metal/CNT contact.
4. Conclusions

In this work, we used slow spin rate coating and dry etching to
fabricate the CNT-interconnects with various sizes. The size effect
and the correlation between the size effect and the times of coating
cycles were investigated. The results show that not only the
amount of the CNT solution coated for forming the CNT network,
but also the area of CNT-interconnect regime would affect the con-
ductance, variation, and conductive probability of CNT-intercon-
nects. Next, the yield of working CNT-interconnects does not
show direct relation between the conductive probability with the
times of coating cycles for CNT network formation. Finally, the
power fitting approach applied to the average conductance and
the reciprocal of the square number of CNT-interconnects under
different conditions was shown and interpreted by percolation
theory. In addition, we classified the characteristics of the average
conductance of CNT-interconnects with different sizes into three
categories: percolation region, power region and linear region.
The phase transition phenomena were also demonstrated with
the increase of the times of coating cycles. As the density of the
CNT network increases continually, the conductance would enter
the linear region and behaves as a conventional resistor.
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