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nanoparticle catalysts with the multilayer catalyst design, we have synthesized vertically aligned CNTs with
a density of 2.0 x 10'9/cm? and an average 50 walls per CNT. The CNT density using the Ni/Al/Ni catalyst is
three times higher than that with the pure Ni catalyst. Furthermore, the proposed catalyst design enables
CNT synthesis at a temperatures as low as 350 °C. The synthesized CNTs show Ohmic contact with Ti silicide,
suggesting the catalyst design is promising for CNT applications on conductive substrates, especially for
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1. Introduction

Due to carbon nanotubes’ (CNTs’) outstanding electrical,
mechanical and thermal properties, they have promising appli-
cations as interconnects in integrated circuits, thermal interface
materials and supercapacitors [1-3], which require CNT synthesis
on conductive substrates for an electrically conductive path.
Especially, to apply CNTs as vertical interconnects, high-density
vertically aligned CNTs on conductive substrates are required to
provide conductivity comparable to that of the current copper-
based interconnects. To this end, the conductive substrate and
catalyst used to synthesize CNTs need to be carefully chosen and
designed.

High-density CNT synthesis on conductive substrates is known to
be more difficult than on insulating substrates, such as Al,03 and
SiO,, which have low surface energy. The main reason is that the
catalyst nanoparticles used to synthesize CNTs are difficult to form
on high surface energy conductive materials. An additional Al,03
or oxidized Al layer below the catalyst has been used to enhance
catalyst nanoparticle formation on conductive substrates [4-7].

* Corresponding author.
E-mail addresses: sliao@ust.hk (S. Li), zhoucj@scut.edu.cn (C. Zhou).

http://dx.doi.org/10.1016/j.diamond.2017.01.003
0925-9635/© 2017 Elsevier B.V. All rights reserved.

However, the insulating nature of Al, O3 will eventually hinder CNT’s
conductivity and its contact with the substrate.

Another issue is that the most widely used Fe catalyst is
contagious, which limits its usage for CNT interconnects in CMOS
technology. Compared to the Fe catalyst, Ni catalyst is CMOS
compatible. Even though many theoretical studies and in-situ
observations of CNT growth with the Ni catalyst have been done to
reveal the growth mechanism, the use of Ni catalyst to synthesize
vertically aligned CNTs on conductive substrates is still less explored
compared to Fe and Co catalysts [8-12]. And CNTs grown with the
Ni catalyst on substrates such as Si and TiN are of relatively low
density due to Ni diffusion and aggregation as well as Ni nanoparticle
encapsulation [13-15]. Therefore it is necessary to explore the CNT
growth mechanism using the Ni catalyst and enhance Ni’s catalytic
properties.

In this work, we use a Ni-based catalyst without an additional
insulating layer to synthesize vertically aligned high-density CNTs on
a titanium silicide conductive substrate. Ti silicide adopted in CMOS
technology, is highly conductive and thermally stable and is the
favored contact with Si and other materials. The proposed catalyst
design suppresses the Ni catalyst diffusion and sintering by altering
the interaction between the catalyst and substrate, thus improving
the CNT density and uniformity. The catalyst nanoparticle formation
and the synthesized CNTs are systematically characterized to reveal
the growth mechanism.
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2. Methods

To form the catalyst, 4 nm Ni was deposited by electron beam
evaporation on the Ti silicide substrate at a rate of 0.2 A/s under a
pressure around 3.0 x 10~7 Torr. The samples were then transferred
into a CNT plasma enhanced chemical vapor deposition (PECVD)
chamber (Seki Technotron Corp. AX5200M) and annealed at 650 °C
with Hy:N; = 3:1 at 2.8 Torr to form nanoparticles as the catalyst.
After 10 min, methane (CH,) was introduced at 35 sccm as the car-
bon source with 200 W plasma power for 1 min. Finally, the sample
was cooled down to room temperature in H, atmosphere.

The two major problems in using the pure Ni catalyst are
the penetration of Ni atoms through the silicide and non-uniform
nanoparticle diameters due to sintering, as shown in the schematic in
Fig. 1 (a).In order to improve the density and uniformity of the grown
CNTs, a multilayer catalyst was designed with an Al intermediate
layer to change the surface energy of the Ni nanoparticles to prevent
sintering and diffusion as shown in Fig. 1 (b). The Al intermediate
layer has to be thin enough to maintain the catalytic property of the
Ni nanoparticles for CNT growth. In the multilayer catalyst prepa-
ration, a 1 nm Al layer was inserted into the Ni catalyst to form a
Ni/Al/Ni (2 nm/1 nm/2 nm) multilayer structure. The total thickness
of the Ni was kept at 4 nm, split into a 2 nm top and 2 nm bottom
layer to keep the same amount of the catalyst for comparison. The
deposition of the Ni and Al was done in the same chamber without
breaking the vacuum to avoid contamination and oxidation of the
film. The nanoparticle formation and CNT growth processes in the
CNT PECVD chamber were kept the same as with the pure Ni catalyst.
In the low temperature CNT synthesis, nanoparticle formation and
CNT growth were performed at 350 °C with a thinner multilayer
catalyst Ni/Al/Ni (1 nm/0.5 nm/1 nm).

Nanoparticle samples were prepared by annealing the same
catalyst films at 650 °C under the same conditions, except that
the CH4 gas and plasma were not introduced. The annealed film
was characterized after cooling to room temperature. The nanopar-
ticle morphology and distribution were characterized by atomic
force microscopy (AFM) (Bruker Dimension Icon, tapping mode).
The amount of Ni on the surface and diffusion into the silicide was
characterized with time-of-flight secondary ion mass spectroscopy
(TOE SIMS) (ION-TOF GmbH).

The morphology and density of the synthesized CNTs were char-
acterized by scanning electron microscopy (SEM) (Hitachi S-4800).
The growth mode and wall distribution were examined with a
transmission electron microscope (TEM) (JEOL Model JEM-2100F).
TEM energy dispersive X-ray spectrometry (EDS) was employed
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Fig. 1. Schematics showing the catalyst deposition, nanoparticle formation upon
annealing, and CNT growth on Ti silicide with (a) Ni catalyst and (b) Ni/Al/Ni multilayer
catalyst.

to analyze the atomic composition of the Ni nanoparticle. For the
electrical measurement, we first fabricated a 3um x 3um oxide insu-
lated CNT vertical interconnect on Ti silicide. Dielectric filling by
atomic layer deposition (ALD) and polishing were then performed
to planarize the surface. After metalization, the electrical properties
of the formed CNT interconnect were characterized with an Agilent
4156C Precision Semiconductor Parameter Analyzer.

3. Results and discussion
3.1. Prevention of catalyst diffusion and sintering

The role of the thin Al layer in the multilayer catalyst was
investigated by measuring and comparing the depth profiles of the
catalyst films annealed from a Ni sample and a Ni/Al/Ni multilayer
sample. The Ni profile of both samples shows higher Ni concentra-
tion near the source at the surface, with the Ni signal decreasing
towards the substrate (Fig. 2). However, with the pure Ni sample
(Fig. 2 (a)), there is a significant amount of Ni inside the silicide,
which confirms the diffusion of Ni catalyst through the Ti silicide.
This is consistent with the fact that Ni nanoparticles are not stable on
conductive substrates. This kind of diffusion can lead to undesirable
traces of Ni in the silicon, as well as a reduced amount of the catalyst
to form the nanoparticles. In comparison, with the Ni/Al/Ni catalyst
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Fig. 2. SIMS depth profiles of nanoparticle samples annealed at 650 °C from (a) 4 nm

Ni catalyst and (b) Ni/Al/Ni (2 nm/1 nm/2 nm) multilayer catalyst.
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