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A Study on the Electrical Properties of Multilayer Graphene for Future LSI Interconnects

Abstract

Owing to the technology of Silicon large scale integrated circuit (Si-LSI) with high-density integration, the
line width of interconnects has been minimized. Although copper (Cu) has been used as the conventional
interconnect material, reliability issues due to electro-migration and an increase in resistivity become
increasingly serious in copper interconnects with a small line width. Graphene, an atomically thin 2D carbon
sheet with extraordinary electronic properties such as high electron mobility and high breakdown current
density, has become promising as a new material to replace Cu. Both theoretical and experimental findings
show that these properties in graphene are superior to those of Cu. Although a multilayer graphene (MLG) is
suitable for LSI interconnects, the layer number dependence of the conduction properties for MLG remains
incompletely understood. Moreover, a low contact resistivity at a metal-graphene interface and high-quality
growth method for MLG at low temperature is to be achieved. The main objective of this thesis is to clarify conduction
properties of MLG while proving how end-contact is superior to top-contact in terms of contact resistivity. A
novel low temperature chemical vapor deposition (CVD) method, in which a local heating leads to the small
thermal damage, is also proposed.

Chapter 1 summarizes the issues of Cu interconnects in current Si-LSI, characteristics of graphene, and the
issues to be solved for graphene interconnects. The objectives of this study are also described.

Chapter 2 describes the principles and techniques such as transfer, fabrication, growth, evaluation methods
for graphene used in this work.

In Chapter 3, in order to investigate the conduction properties for MLG, top-contact configurations, where the
metal electrodes come into contact with only the top surface of the topmost graphene layer, were fabricated
using electron-beam lithography. The layer number dependence of sheet resistance of MLG was evaluated for the first
time using the 4-probe method, while the exact layer number of the MLG was determined by transmission
electron microscopy (TEM) observations. An extended optical contrast method was also proposed to distinguish
the number of layers with more than 10 by analyzing RGB primary color signals of the original image. A multiple
ladder circuit model which has a combination of the intra-layer and the interlayer resistance was proposed. By
comparing experimental data with a multiple ladder circuit model simulation, it was found that in the case of
interconnects with a length greater than a micron-order, the intra-layer resistance is predominant in the total
resistance rather than the interlayer resistance, and that a total resistance of interconnects with top-contact
configurations does not change much when the number of layers is more than 30.

In Chapter 4, the end-contact (or edge-contact), in which a metal electrode comes into contact only with the
edges of the graphene layers, was fabricated as a suitable contact between metal and MLG. The contact
resistance of end-contact and top-contact configurations was measured independently using a transfer length
model (TLM). The significant reduction of contact resistance after low-temperature annealing at 450°C was also confirmed.
X-ray photoelectron spectroscopy (XPS) observation suggests that metal carbide was formed at the interface of metal-graphene
contact after the annealing. The contact resistivity of Titanium annealed end-contacts can be lowered to 7.7x10® Q-cm?, which
is two orders of magnitude lower than that of conventional top-contact configurations, and to the best of our knowledge, is the
lowest value ever reported for a pristine MLG.

Chapter 5 describes the principle of novel annealing and CVD method called heat-beam CVD (HB-CVD), in
order to improve a quality of graphene grown at low temperature. A HB, where high-temperature inert gas is
blown directly onto only the chip surface, can lower the thermal damage of the entire substrate. The growth of
MLG was confirmed by Raman spectroscopy and TEM. Moreover, the vertically grown MLG structure was
found for the first time, suggesting a facet growth even at the low temperature. This new structure should be
very useful for several applications, not only for LSIs but also for other electron devices.

Chapter 6 summarizes the conclusions of the thesis and future perspectives.




