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Abstract

Under the sponsorship of Department of Energy the diamond
research program at Northwestern University has made major
contributions to the field of diamond thin film science during
the past three years. 1In the area of nucleation, it was
discove.ed that C, thin films are perfect substitutes for
diamond seeds in the growth of diamond films. This research,
along with a careful study of diamond yrowth on carbon ion
implanted single crystal copper, have clearly demonstrated that
structured carbon is the best precursor for nucleation and growth
of diamond films on non-diamond surfaces. In addition, by using
fluorine chemistry during diamond growth, it has been shown that
diamond films can grow on carbide substrates without the
pretreatment of diamond seeding. The growth rates are higher and
the film adhesion is much improved. These discoveries have major
impacts on the development of diamond films as an important
energy material for the Department of Energy, the United States,
and the rest of the world.

Introduction

During the past ten years, there has been a rapid increase in
the research and development of chemical vapor deposition of
diamond thin films. The prime driving force behind this push is
the potential birth of a technology that will generate a
multibillion-dollar market for many industries. Applications of
the chemical vapor deposition technique include synthesis of
diamond films, diamond fibers, and diamond composites. These new
forms of diamond materials will be used in protective coatings,
light-weight planes and vehicles, electronic and optical devices
and systems, to mention just a few. Of special interest to the
Department of Energy is the development of a new energy material
for application in transportation systems, thermal management
systems, corrosion-resistant coating, sensors, etc.

During the past three years, the DOE-sponsored diamond film
research program at Northwestern University has made some major
contributions to the understanding of diamond film growth on non-
diamond substrates. In particular, it is discovered that
structured pure carbon molecules such as C,, are excellent
nucleation agents when placed on non diamond surgaces. This work
has overcome a major barrier in hetero growth of diamond on non-
diamond substrates. To date, diamond grit polish has been used as
a pretreatment for the growth of diamond films on non-diamond
substrates. Such a pretreatment is not desirable for coating large
or nonplanar surface areas. In addition, it has been discovered
that by using a fluorine bearing carbon precursor, such as CF,,
diamond films can be grown on carbide surfaces with improved
adhesion and at a much increased rate. Significant accomplishments



from the past 3 years are discussed below:
A. Properties of Boron Dcped Diamond Films

The effects of the gas phase boron concentration and plasma
deposition conditions on the morphological and electrical
properties of polycrystalline diamond films have been investigated.
The diamond films are prepared on both n and p type of Si
substrates by microwave plasma assisted CVD using a tri-
methylborate/methariol dopant source. DC conductivity vs.
temperature measurements as well as secondary ion mass spectroscopy
(SIMS), Raman spectroscopy, and SEM analysis are conducted on the
films. Boron is found to have a significant effect on the
morphology of the deposited films depending on the pressure at
which the diamond is grown. At high deposition pressure (100 torr),
the doping of the diamond film is varied to produce a highly doped
p-type material with a minimum resistivity measured to be 0.05 ohm-
cm and little change is observed in the morphology or Raman spectra
among the films. At lower deposition pressures (50 torr), for the
same gas composition and dopant level conditions, boron is found to
affect both the conductivity and morphology of the deposited films.
With increasing gas phase dopant concentration, both the
resistivity and the grain size of the deposited diamond films
decrease. Raman spectra of these highly doped films exhibit a 1130
cm’' peak previously attributed to a microcrystalline form of
diamond. The resistivity vs. temperature profile of these samples
is distinctly different from that of semiconductor diamond. The
above results have been discussed in terms of current models of
electrical conduction in polycrystalline semiconductors,
semiconductor diamond, and related doped carbon thin films.

B. Composite Diamond Films on Iron Surfaces

We reported for the first time that diamond composite films
consisting of diamond particles, hydrogenated amorphous carbon,
and/or fluorocarbon films could be successfully deposited on carbon
steel and 304 stainless-steel substrates by plasma-assisted
chemical vapor deposition. The use of thin (~200 &) silicon buffer
layer proved to be effective in inhibiting surface catalytic effect
of iron and also prevented carbon species from diffusing into the
bulk. The composite films adhered well to the substrates even upon
imposing a scratch load of 68 newtons. They could also be bent up
to 10° and still remain chemically inert and impermeable to salt
solution. One of the pctential applications of these films is for
protective coating on sheet metal surfaces.

C. Diamond Nucleation and Growth on Copper Surfaces

The nucleation and growth of diamond crystals on single
crystal copper surfaces has been studied. Microwave plasma enhanced
CVD was used for diamond deposition. The single crystal Cu
substrate was implanted at elevated temperature (~820 °C) with
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carbon ions prior to diamond growth. This procedure leads to the
formation of a graphitic film on the Cu surface which greatly
enhances the diamond crystallite nucleation. From our study we
construct a simple lattice model for diamond growth on graphite as
<111> diamond parallel to <0001> graphite and <110> . . parallel to
<1120> graphite

D. Nucleation of Diamond on Surfaces Using Fullerenes

A unique method for nucleating diamond films on surfaces using
fullerenes has been invented. The process substitutes the need for
diamond polish pretreatment of substrates prior to diamond film
growth, as currently practiced in low-pressure (<1 atm) chemical
vapor deposition methods. We have used C, films as diamond
nucleating layers on single-crystal Si, SiO, and Mo surfaces. It is
shown that a thin layer (approximately 1000 A) of pure carbon C70
is sufficient for the nucleation and growth of fine grain
polycrystalllne diamond films. The enhancement of nucleation by the

o layer is nearly ten orders of magnitude over untreated surfaces.
It also follows that fullerenes can be used as a one-step
lithographic template for growing diamond on selected regions of
the substrate. In addition, insight into the mechanism for diamond
nucleation from fullerenes has been obtained.

E. A New Plasma Enhanced Laser Ablation System

Funding support received from the State of Illinois allowed us
to design and construct a new microwave plasma enhanced laser
ablation system for the purpose of studying the growth of diamond-
like thin films and multilayers. Our UHV compatible system is one
of a kind in the world. This system is currently in operation and
diamond-like films have been deposited on an array of substrates,
including plastic, stainless steel, silicon, etc.

F. Properties of Amorphous Diamond Films

We have deposited hydrogen-free diamond-like amorphous carbon
(amorphous diamond) films by ArF (193nm) pulsed laser ablation of
a graphite target. The dep051t10n process is performed with the
laser power density of only 5x108 w/cm? at room temperature without
any auxiliary energy source. The resulting films possess remarkable
physical, optical and mechanical properties which are close to
diamond and distinctly different from the graphite target used. The
films have a mechanical hardness up to 38 GPa, an optical enerqgy
band gap of 2.4 eV with excellent thermal stability. Analysis of
electron energy loss spectroscopy reveals the domination of
dlamond -type tetrahedral bonding structure in the films with the
SP® bond fraction over 95%. The experimental results show that the
laser wavelength or photon energy plays a crucial role in

controlling the properties of the pulsed laser deposited diamond-
like carbon films.



G. Diamond Growth on Carbide Surfaces Using Fluorine Chemistry

We have made preliminary studies on how diamond films can be
grown on carbide surfaces without using the standard diamond grit
abrasion pretreatment on carbide substrate surfaces. Our approach
is to first use fluorine as a selective etchant to preferentially
remove the metal of the carbide surface layer. This treatment
leaves a carbon rich surface on the substrate for nucleation and
growth of diamond thin film. In practice, we have used CF, as a
source of fluorine for etching and carkon for growing diamond. Thus
in place of the usual CH, , we substitute a few percent of CF, in
our experiments. Using this procedure we are able to grcw diamond
on tungsten carbide and silicon carbide. We have successfully
grown diamond films on tungsten carbide tool inserts with much
improved performance. A patent based on this process has already
been filed.
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