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Fabrication and Electrical Characterization
of Densified Carbon Nanotube Micropillars
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Abstract—Closely packed carbon nanotube (CNT) bundles are
expected to have higher conductivity than copper and could po-
tentially replace copper for electrical and thermal conductors in
IC chips. However, it is extremely difficult, if not impossible, to
controllably grow closely packed CNT bundles. We report on a
novel postgrowth capillary densification method, which results in
dramatic increase of CNT site density. Bare CNT pillars are den-
sified approximately 15 times. High-density CNT micropillars and
micrologs with round cross sections were fabricated from CNTs
coated with parylene prior to densification. These CNT micropil-
lars and micrologs could be used as basic building blocks for future
IC interconnection. Electrical characterization results show that
the densification process does not mitigate the electrical conduct-
ing performance of CNTs.

Index Terms—Carbon nanotube (CNT), densification, IC
interconnection, resistance.

I. INTRODUCTION

CARBON NANOTUBE (CNT) is an excellent electrical
and thermal conductor. CNT bundles can potentially have

higher conductivity than copper if CNTs are closely packed.
In addition, CNT is capable of carrying much higher current
density than copper [1]–[4]. The progresses in CNT growth
techniques enable the fabrication of CNT pillars made of verti-
cally aligned CNTs (i.e., CNT forests) in predefined places on
various substrates [5], [6]. Potential uses of vertically aligned
CNTs for IC interconnection and heat dissipation have been re-
ported [6]–[10]. High site density (i.e., tubes per unit growth
area) is critical for these applications since more conduction
channels per unit area results in lower resistivity. Ideally, CNTs
should be closely packed in the pillars.

However, the growth of closely packed CNT pillars has not
been realized yet, though not impossible. The reported CNT site
densities [9]–[12] are still one or two orders of magnitude less
than the ideal ones. Iijima’s group reported that over 96% spaces
in their CNT forests are empty [11]. In root-growth mode, such
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sparseness is believed to be essential even for carbon species
to reach the catalyst/CNT interface. An alternative solution is
to densify the CNT pillars and then transfer them to the de-
sired places on chips. It has been reported that after immersing
into a liquid and drying, vertically aligned CNTs aggregate
into cellular patterns [13]–[15] or microstructures similar to
huts [15], [16], needles, stalagmites, and volcanoes [17] due
to capillary effect. We previously demonstrated that bundles of
vertically aligned CNTs could be compacted by capillary coales-
cence in order to dramatically increase CNT site density [18]. In
this paper, we present a capillary coalescence and microfabrica-
tion process to form densified CNT micropillars and micrologs
with better shape and size control. We also show that the densifi-
cation process has no negative effects on the conductance of bare
CNTs. Combined with advanced CNT growth techniques, our
results may accelerate the realization of CNT IC interconnects
with better performance than copper.

II. PROCEDURE AND THEORY OF CNT DENSIFICATION

A. CNT Growth and Densification Process

Fig. 1 outlines both the growth and densification of CNT
pillars, as described in our previous publication [18], except
some detailed process parameters. At first, a catalytic Fe/Al
(1.5 nm/10 nm) film is deposited on the SiO2 /Si substrate by
e-beam evaporation method. The film is then patterned by pho-
tolithography and wet etch. CNTs were synthesized by water-
assisted catalytic CVD [19] in a quartz tube furnace. Ethy-
lene was used as carbon source and Ar/H2 (15% H2 content)
as buffer gas. In a typical CVD growth run, 300 sccm Ar/H2
flowed through the alumina tube during the furnace heating up
to the CNT growth temperature (750 ◦C–800 ◦C). After the fur-
nace reached the set temperature, the Ar/H2 flow immediately
increased to 1300 sccm, and another fraction of Ar/H2 gas bub-
bled through a water bottle (which is kept at room temperature)
with flow rate of 80 sccm, and ethylene gas of 100 sccm was
added into the gas mixture. After CNT growth, the furnace was
cooled down to room temperature under Ar/H2 protection. The
thickness of the resultant CNT forest depends on the growth
time. Most CNTs are double-walled. The average diameter of
CNT is 8 nm according to transmission electron microscope
(TEM) observation.

Vertically aligned CNTs are grown only on catalyst patterns
so as to form CNT pillars. As-grown CNT pillars are immersed
in an organic solvent isopropyl alcohol (IPA) in a petri dish.
The IPA solvent is then dried out by evaporation in atmosphere
at room temperature. IPA evaporation lowers the liquid level,
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Fig. 1. Procedure of CNT growth and CNT pillar densification. (a) Deposition
of Fe (1.5 nm)/Al (10 nm) layers on SiO2 /Si substrate (top: cross-sectional view;
bottom: top view). (b) Formation of Fe/Al patterns by photolithography and wet
etch (top: cross-sectional view; bottom: top view). (c) Selective CNT growth
on Fe/Al catalyst patterns. (d) Capillary coalescence of CNTs by withdrawing
CNT pillars from organic solvent IPA.

which is equivalent to the withdrawal of CNT pillars from the
liquid bath. CNTs are expected to be pulled toward each other
by the capillary forces and then stick together due to van der
Waals forces. Consequently, CNT pillars are densified.

B. Theoretical Aspects of Densification

The fiber aggregation model [20] provides a relatively
straightforward theoretical description of capillary coalescence
of vertically aligned CNTs in liquid. Two parallel flexible fibers
will aggregate when the free ends are immersed in a perfectly
wetting liquid. There is a certain length from the fixed ends from
which the two fibers will start to stick together. This length is
defined as the critical sticking length. The aggregation of such
two parallel flexible fibers obeys the following equation:

L2 =
(

9
2α

)1/4 √
dLEC (1)

where L2 is the critical sticking length (subscript 2 refers to
two fibers), α is a constant related to the fiber–liquid interaction
and equals (π-2) for very small fibers like CNTs, d is the fiber
root spacing, LEC =

√
EI(γb)−1 is the elastocapillary length

where E is the Young’s modulus, I = πb4/4 is the area moment
of inertia of the fibers with radius b, and γ is the liquid surface
tension.

For a bundle with N fibers, the critical sticking length LN

can be expressed as [20]

LN = 0.804
√

βL2N
3/8 (2)

where β is a prefactor that depends on the fiber root lattice.

From these equations, the minimum CNT length (LN ) for the
pillar densification can be estimated. In real cases, the aggrega-
tion behavior of CNTs in the pillars may be different because
of nonideal factors such as defects, nonuniform distribution,
entanglement, and curvature.

III. FORMATION OF DENSIFIED CNT MICROPILLARS AND

MICROLOGS

A. Densification of As-Grown CNT Pillars

An array of as-grown CNT pillars is shown in Fig. 2(a). All
CNT pillars consist of CNT forests. The detailed structures of
CNT forest are shown Fig. 2(b) and (c). In the microscopic im-
age in Fig. 2(b), the alignment of CNTs is apparent. However,
CNTs are not quite straight and not well-aligned in a closer
view at the nanoscale level. They tend to entangle with other
tubes in the neighborhood [Fig. 2(c)]. CNT pillar diameter is
20 µm. Pillar spacing is also 20 µm. Pillar height is approx-
imately 103 µm. The site density of these CNTs is estimated
to be 60 tubes/µm2 by counting the CNT ends in the cross-
sectional SEM images of CNT forests embedded in a polymer
resin matrix. The inset of Fig. 2(b) is a typical image for CNT
counting, showing nonuniform distribution of CNTs. The ideal
site density is ∼ 1.67 × 104 tubes/µm2 , calculated according
to the condition that each tube has six neighboring tubes with
the tube gap set as shell spacing 0.34 nm and the tube diameter
is 8 nm. Comparing these two values, the CNTs in the pillars in
Fig. 2(a) are quite sparse.

After densification, CNT pillars were compacted and became
irregular ribbon-like structures [Fig. 2(d) and (e)]. From the
cross-sectional images [inset of Fig. 2(d)] of pillars, we calcu-
lated the densification ratio, which is defined as the ratio of ini-
tial cross-sectional area to the one after densification (this ratio
equals the As-densified site density over the as-grown site den-
sity). The average densification ratio is 15, with standard devia-
tion of 2. This means that the CNT site density is increased ∼15
times, from ∼60 to ∼900 tubes/µm2 . This value is still ∼19
times less than the ideal site density ∼1.67 × 104 tubes/µm2 .
It indicates that there are still a lot of empty spaces among
CNTs, and high-resolution SEM observation [Fig. 2(f)] con-
firms this. We attribute this underdensification to the entangle-
ment and poor alignment of CNTs, as mentioned previously.
The large empty space in the densified CNT pillar implies
that there are still opportunities for further improvement of the
densification. For example, improving the alignment of CNTs
or using liquid of higher surface tension may lead to better
compaction.

The formation of irregular ribbon-like structures can mainly
be attributed to the nonuniformity of CNT distribution and CNT
height. The higher and/or denser regions usually aggregate first
and function as nuclei. Moreover, the fluctuation of liquid sur-
face may cause some places (e.g., the edges) of CNT pillars
get wetted, and thus densified first, even though these pillars
have the same height and uniform CNT distribution allover the
growth area. These places can also function as nuclei. During
the densification process, the surrounding tubes will be pulled
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Fig. 2. SEM images of the structures of CNT pillars before and after densification. (a) Array of as-grown CNT pillars with pillar diameter 20 µm, pillar spacing
20 µm, and pillar height ∼103 µm. (b) CNT alignment in the vertical direction. Inset: transverse cross section of a CNT forest embedded in a polymer resin
matrix. Scale bar = 1 µm. (c) Entanglements and curvatures of CNTs. (d) Aggregation of CNT pillars after densification. Inset: irregular cross sections (white)
of four densified CNT pillars. (e) Ribbon-like structures of CNT pillars after densification. Undensified pillar roots show the initial pillar size. (f) High-resolution
SEM image of the side surface of densified CNT pillars. Scale bar = 200 nm. (g) Densified CNT pillars with parylene coated prior to densification. Inset: circular
cross sections (white) of four densified CNT pillars. (h) Matchstick-like structures of parylene-coated CNT pillars after densification. (i) High-resolution image of
the side surface of parylene-coated CNT pillars after densification. Scale bar = 200 nm.

toward these nuclei. The irregular shapes of nuclei result in the
irregular shapes of ribbon cross sections.

In order to simplify the conditions for theoretical calcula-
tion, we assume here that CNT roots have a lattice of equilat-
eral triangles. The average spacing of CNTs is estimated to be
∼100 nm, i.e., d = 0.1 µm, from the initial CNT site density
60 tubes/µm2 . According to (1), we obtain L2 to be 0.384 µm.
Taking β as 1/2 for the triangle root lattice, from (2), we obtain
LN , which is approximately 8.8 µm for a CNT pillar of 20 µm
diameter (see Appendix I for details). We measured LN of ten
CNT pillars from SEM images and obtain an average value
5.7 µm, with standard deviation 0.7 µm. The measured LN is
close to the estimated 8.8 µm. The difference between two val-
ues is probably caused by the curvature and nonideal quality
of CNTs. Unlike straight CNTs perpendicular to the substrate,
CNTs with curvature are more subject to the CNT–substrate
capillary interaction, and thus sticking onto the substrate. The
Young’s modulus of defective CNTs is expected to be smaller
than the ideal value, resulting in a smaller elastocapillary length
LEC , and thus, a smaller LN .

We noted that capillary coalescence also happened among
CNT pillars, as shown in Fig. 2(d) and (e). Consequently, den-
sified pillars tended to stick with each other and form larger
bundles. This pillar aggregation can be understood if we simply
treat each pillar as a fiber.

B. Densification of Parylene-Treated CNT Pillars

For IC interconnects, the irregular cross sections and pillar
aggregation are not desired. We introduced a precoating step to
modify the pillar’s properties and thus obtained separate densi-
fied CNT pillars with a favorable cylinder shape in the middle.
Prior to densification, CNTs are coated with a thin-layer pary-
lene by thermal CVD [21]. CVD parylene increases the rigidity
of CNT pillars. Furthermore, parylene creates linking points
among neighboring CNTs. As a result, the densified CNT pil-
lars did not collapse and the cylinder shape of the bundles was
retained except for two ends [Fig. 2(g) and (h)]. The densi-
fication ratio is 5.5, with standard deviation of 0.5. Although
the densification ratio is smaller than that of uncoated pillars
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Fig. 3. Process procedure of mechanically removing the CNT pillar ends.

[as those in Fig. 2(d)], the circular cross section of pillars is
preserved (Fig. 2(g), inset). The standard deviation of densifi-
cation ratio is much smaller, which means a much better size
uniformity than that of uncoated pillars.

C. CNT Micropillars and Micrologs

The ball-like ends of densified CNT pillars, as shown in
Fig. 2(h), are also not desired for IC interconnects or 3-D inte-
gration [18], [22]. We propose a novel method to mechanically
cut these ends off. The process procedure is shown in Fig. 3.
After densification, CNT pillar array is filled with a sacrificial
material [Fig. 3(b)]; a benzocyclobutene (BCB) resin (a com-
mercially available polymer produced by Dow Chemical Com-
pany) is used for demonstration in this paper. This soft-baked
polymer resin supports the CNT pillars. Then, a mechanical
polishing step removes the top CNT ends. The sacrificial BCB
is removed with organic solvent to expose the CNT pillars.

Fig. 4(a) shows the polished CNT pillars after BCB removal.
The polished CNT pillars were transferred to another substrate
using poly(methyl methacrylate) (PMMA) adhesive [Fig. 3(d)].
Repeating the aforementioned steps [as shown in Fig. 3(e)–(g)]
and dissolving PMMA layer with organic solvent, both ends of

Fig. 4. (a) Densified parylene-coated CNT pillars [corresponding to Fig. 3(c)]
with the top ends removed by mechanical polishing. Inset: close view of one
CNT pillar. (b) Parylene-coated CNT micrologs [corresponding to Fig. 3(h)]
fabricated by cutting off two ends of densified CNT pillars. Inset: close view of
one CNT log.

the densified CNT pillars are removed [Fig. 3(h)]. As a result,
CNT micrologs, as shown in Fig. 4(b), were fabricated by cutting
off two ends of densified CNT pillars. These free-standing CNT
micrologs can be used as the basic building blocks to be placed
on the substrates for chip wiring.

IV. ELECTRICAL CHARACTERIZATION OF CNT PILLARS

In order to study the dimension effect, densification of large
CNT pillars was also carried out. As an example shown in
Fig. 5, for the larger CNT pillar, unlike the smaller CNT pillars,
as shown in Fig. 2(d) and (e), the effects of nuclei become less
significant. This is probably due to the even-out effect of many
nuclei. Thus, the cross section shape becomes closer to round.
Densification ratio is still∼15. When the bundle spacing is large
enough, e.g., 1 mm spacing for bundles of 500 µm in diameter
and 580 µm in height, no interbundle aggregation is observed.

Since densified CNT pillars are promising for IC intercon-
nect applications, it is necessary to study the influence of the
densification on the electrical properties of CNTs. Using the
aforementioned fabrication methods, we can form test struc-
tures for electrical characterization of densified CNT pillars
against undensified ones. Fig. 6(a)–(e) shows the sample prepa-
ration procedure and the testing configuration. Both densified
and undensified CNT pillars are grown on the same substrate in
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Fig. 5. CNT pillar with diameter 500 µm, height ∼580 µm, and spacing
∼1000 µm. (a) Before densification. (b) After densification.

the same batch, and are embedded in the same polymer BCB
matrix. The only difference is the densification.

E-beam-evaporated Ag (300 nm)/Ti (10 nm) is used as the
contact metal in order to form ohmic contacts with CNT ends.
I–V curve of a typical densified CNT pillar is shown in Fig. 6(f).
The linear I–V curves confirm the formation of ohmic con-
tacts between CNTs and the metal layer with Ti as the interfa-
cial material. The resistance of the end-metallized CNT pillar
is approximately 6.0 Ω by subtracting the parasitic resistance
(∼3.5 Ω) from the total resistance of 9.5 Ω extracted from the
I–V curve in Fig. 6(f). The nominal resistivity of this CNT pil-
lar is calculated to be 3.0 × 10−3Ω.cm. This value is still three
orders of magnitude higher than that of copper, mainly due to
low quality of CNT as well as the low site density. To reduce
the nominal resistivity down to a level comparable with that of
copper, we must grow high-quality CNTs with minimum defect
level. Since low-temperature growth tends to produce defective
CNTs, lowering the growth temperature to fit the IC process is
really challenging for on-chip high-quality CNT growth. Our
densification approach provides the freedom of growth process
selection and may offer a practical solution.

As shown in Table I, the average resistance from seven den-
sified CNT pillars of 200 µm in length is 7.5 Ω, with a stan-
dard deviation of 2.3 Ω, while the average resistance from nine
undensified CNT pillars of 134 µm length is 7.6 Ω, with a
standard deviation of 3.5 Ω. A statistical comparison was per-
formed utilizing t-distribution to examine the hypothesis of
Rundensified = Rdensified (see Appendix II for details), where

Fig. 6. Fabrication procedures of test structures and electrical characterization
of the CNT pillars with initial pillar diameter of 500 µm. (a) BCB fill, cure, and
mechanical polish. (b) Deposition of Ti (10 nm) and Ag (300 nm) on exposed
CNT ends by e-beam evaporation. (c) Transfer of the metallized CNT/BCB
structure to a Ag (300 nm)/Ti (10 nm) metallized Si-wafer and form Ag–Ag
contacts. (d) Topside polish to remove the CNT pillar roots. (e) Deposition of
Ti (10 nm) and Ag (300 nm) by e-beam evaporation through a shadow mask to
form separated contacts on the exposed top end of each CNT pillar. Every CNT
pillar is tested as a resistor by I–V characterization. (f) I–V curve of a typical
CNT pillar.

Rundensified and Rdensified are resistances of undensified and
densified pillars, respectively. From the t-distribution examina-
tion, the hypothesis of Rundensified = Rdensified is not rejected
at the 5% significance level. It means that in spite of their rela-
tively greater CNT length, densified CNT pillars still have the
nearly same average resistance as undensified ones. Hence, it
seems that the densification process improves the electrical con-
ductance of CNT pillars as the densified pillars are longer. At
least, we can conclude that the densification process does not
harm the electrical conductance of CNTs.

Based on the earlier results and discussion, the bulk conduc-
tivity of CNT pillars can be dramatically enhanced by densi-
fication. For example, a 15-fold densification will result in at
least 15 times of bulk conductivity of CNT pillars. Therefore, it
is not trivial to apply this postgrowth densification technique to
CNT IC interconnection. Moreover, our method is supplemen-
tary to the high-density CNT growth techniques. Combining
them together, we could achieve nearly closely packed CNT
pillars.
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TABLE I
RESISTANCES OF DENSIFIED AND UNDENSIFIED CNT BUNDLES WITH

TITANIUM END CONTACTS

V. SUMMARY AND CONCLUSION

In summary, a capillary coalescence method is utilized to in-
crease the site density of CNT pillars. CVD-grown CNT pillars
are successfully compacted by organic solvent immersion and
evaporation. The CNT site density is increased approximately 15
times. Unlike on-chip growth, this approach is not constrained
by the IC back-end-of-line temperature, and thus, compatible
with high-temperature growth for high-quality CNTs. High-
density CNT micropillars and micrologs with round cross sec-
tions are obtained by coating a thin parylene layer on CNTs
prior to densification. The CNT micrologs could be used as the
basic building blocks for advanced circuits. Electrical test struc-
tures of CNT vias with metal–CNT end contacts are fabricated
and characterized. Statistical analysis indicates that the densi-
fication process does not mitigate the electrical conductance of
bare CNT pillars. Our densification method, combined with ad-
vanced CNT growth techniques, would enable the realization of
CNT IC wiring, with better performance than copper.

APPENDIX I

CALCULATION OF CRITICAL STICKING LENGTH OF CNT
BUNDLES

For small fibers like CNTs, L2 = (9/2α)1/4 √dLEC =
1.409

√
dLEC since α = π − 2.

For double-wall CNTs, we know that tube outer diameter
Do is approximately 8 nm and inner diameter is approximately
Di = 6.8 nm

I =
π(D4

o − D4
i )

64
=

3.1416 × [(8 × 10−9)4 − (6.8 × 10−9)4 ]
64

= 9.61 × 10−35 m4 .

Young’s modulus of CNTs varies from 0.8 to 1.2 TPa. Let us
take E = 1.0 TPa. The surface tension γ of IPA is 21.7 mN/m
at room temperature

LEC =
√

EI(γb)−1 =
[

1012 × 9.61 × 10−35

21.7 × 10−3 × 8 × 10−9

]1/2

= 0.744 × 10−6 m = 0.744 µm.

Assuming uniform distribution with equilateral triangle lat-
tice of CNT roots, we estimate that the average spacing of
CNTs is ∼ 100 nm, i.e., d = 0.1 µm from the CNT site density
of 60 tubes/µm2 . Therefore

L2 = 1.409
√

dLEC = 1.409
√

0.1 µm× 0.744 µm = 0.384 µm.

Bundle diameter D = 20 µm and CNTdensity =
60 tubes/µm2 , then the total number of tubes in one
bundle is

N =
(

π × D2

4

)
× 60 = 3.1416 × 100 × 60 ≈ 18 850 tubes.

For triangle lattice of CNT roots, β could be 1/2, 1
/√

3, or
1
/√

2. If we take β as 1/2, the critical sticking length of a CNT
bundle is

LN = 0.804
√

βL2N
3/8

= 0.804 ×
√

1/2 × 0.384 × 18 8503/8 ≈ 8.8 µm.

APPENDIX II

STATISTICAL COMPARISON OF THE RESISTANCES OF DENSIFIED

AND UNDENSIFIED CNT BUNDLES

The corresponding null hypotheses that test the true mean of
the resistances of undensified vias µ1 against the true mean of
the resistances of densified vias µ2 are

H0 : µ1 = µ2 .

From the table, we generate the test statistic

t =
Y − Z√

(S2
1 /N1) + (S2

2 /N2)
=

7.6 − 7.5√
(3.52/9) + (2.32/7)

= 0.069

and the degree of freedom

ν =
[(S2

1 /N1) + (S2
2 /N2)]2[

S4
1

/
{N 2

1 (N1 − 1)}
]
+

[
S4

2

/
{N 2

2 (N2 − 1)}
]

=
[(3.52/9) + (2.32/7)]2(
3.54

/
648

)
+

(
2.34

/
294

) = 13.71.

For a one-sided test at the 5% significance level, go to the t
table for 5% significance level, and look up the critical value
for degrees of freedom ν = 14. The critical value is 1.761.
Thus, the null hypothesis is not rejected because the test statistic
(t = 0.069) is much less than 1.761. Therefore, the average
resistance of densified CNT bundles is regarded the same as
that of undensified ones.
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