Carbon Nanotubes on Graphene — Interfacial and Electrical Properties
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Abstract

An all-carbon interconnect structure is fabricated by growing carbon nanotube (CNT) directly on a multi-layered
graphene substrate. The resulting test structure shows vertically aligned CNT arrays and abrupt interface with
the substrate. Electrical measurements reveal ohmic conduction throughout the CNTs and graphene, thus
providing a potential building block for a 3-D all-carbon interconnect network for the most advanced
technology nodes.

Introduction

Continuous downward scaling in silicon integrated circuit technology into the sub-20 nm regime has created
critical challenges in chip manufacturing, among them, reliability and performance of on-chip interconnects [1].
Current interconnect materials, Cu and W, face increased reliability challenges in the nanoscale as a result of
electromigration failures at high current densities. Materials such as nanocarbons, metal silicides, and metallic
nanowires [1] are being considered as potential replacements for Cu and W in via interconnects, due to their
superior electrical and mechanical properties, as well as much higher current-carrying capacities. A low-
resistance three-dimensional all-carbon interconnect structure can potentially be realized utilizing the strong C-
C sp? bonding in carbon nanotubes (CNTs) and graphene, by fabricating the growth of CNTs directly on one or
few layers of graphene or multi-layered graphene (MLG). While such growth has been demonstrated [2-3],
optimization of the CNT/graphene interfacial nanostructure to yield desirable electrical properties of the 3-D
structure remains a daunting challenge.

Test Structure Fabrication and Characterization

Our primary test structure consists of MLG grown by annealing a Ni thin film in H,/CH4 ambient inside a low-
pressure PECVD chamber, before being transferred onto an oxide-covered silicon substrate. Vertically aligned
CNTs are then grown on the transferred MLG, using Ni catalyst and C;H, as carbon source in a PECVD system
with a similar recipe as in our previous work on CNT vias [4]. The resulting test device is a 3-D all-carbon
interconnect structure. The fabrication process is summarized in Figure 1. Scanning electron microscopy (SEM)
images shown in Figure 2 reveal excellent CNT alignment similar to those reported previously using the same
growth recipe [4-6].

Additional CNT growth using Fe instead of Ni catalyst is carried out and the SEM images are shown in Figure 3.
The results are similar to those obtained using Ni catalyst shown in Figure 2. By varying gases, flow rates,
plasma voltages, and duration of plasma exposure, samples grown at the same voltages with either catalyst
show similar CNT alignment independent of the duration of exposure to the plasma. As expected, CNT length is
proportional to the duration of C;H, exposure. The clustering of CNT grown in either case suggests that part of
the graphene layers may be doped with N [7] and/or etched [8] giving rise to uneven CNT growth. The
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clustering can also be an outcome of the uneven graphene layers as revealed by the Raman spectra shown in
Figure 4. The electrical characteristics of various CNT/MLG samples are measured using probes with tip size
ranging from 50 nm (nanoprobe) to 100 um (wafer probe). The resulting current-voltage (I-V) behavior of the 3-
D test structure and resistances for various probe separations are shown in Figure 5.

To further examine the CNT growth on graphene with either Ni or Fe catalyst, the growth conditions are varied
using H, instead of NH; with and without C,H,, respectively. The latter condition is used to ascertain that
graphene does not serve as a carbon source for CNT growth, which is confirmed by our experiments. CNT
growth using H; instead of NHs is inconclusive so far and further experimentation is needed.

Conclusion

Our results show that we have successfully grown CNTs on a MLG/oxide substrate, thus demonstrating the
feasibility of fabricating a CNT on graphene test structure, which can serve as the building block for an all-
carbon interconnect network. Further work on electrical measurements and interfacial analysis with
transmission electron microscopy will enhance our understanding of the relationship between interfacial
nanostructure and device resistance, which in turn can lead to eventual functionalization of contacts between
CNT vias and a graphene-based planar interconnect network in the most advanced technology nodes.
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Figure 1. Schematic process flow of graphene growth, transfer on oxide, followed by CNT growth. Graphene is grown on Si
substrate with Ni catalyst before using PMMA for transferring graphene layers to a new SiO2 layer. CNT arrays are grown directly
on graphene after depositing Ni catalyst film.
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Figure 2. SEM images of vertically aligned CNT arrays grown on graphene/oxide with Ni catalyst, with (a) top view and (b)
side view.

100 TechConnect Briefs 2016, TechConnect.org, ISBN 978-0-9975-1170-3



Intensity (a.u.)

Figure 3. SEM images of CNT arrays grown on graphene/oxide with Fe catalyst, with (a) top view and (b) side view. CNT

alignment is similar to that for Ni catalyst.
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Figure 4. Raman spectra for graphene transferred onto oxide, showing one to few layers of graphene on different locations

of the underlayer oxide.
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(a) Graphene before CNT Growth
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(b) Graphene after CNT Growth
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Figure 5. (a) Probing MLG before CNT growth to test for electrical continuity, resulting in resistance ~1 kQ. (b) Probing the
same MLG after CNT growth, resulting in sheet resistance ~1.9 kQ/o.
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