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[57] ABSTRACT

A method and apparatus for enhancing the nucleation
of diamond by pretreating a substrate by electrically
biasing a diamond film adjacent the substrate while
exposing the substrate and the thus biased diamond film
to a carbon-containing plasma. The bias pretreatment
may be maintained for a time period in the range of
about 1 hour to 2 hours to achieve a high diamond
nucleation density. Alternatively, the biasing may be
continued until diamond film formation is indicated by
a change in reflectivity of the surface of the substrate.
The biasing pretreating may be used to nucleate
diamond heteroepitaxially on a substrate having a sur-
face film formed of a material having a relatively close
lattice match to diamond, such as B-silicon carbide. The
apparatus includes a laser reflection interferometer to
monitor the surface of the substrate. The laser reflection
interferometer is used to monitor growth of the
diamond film and cooperates with a controller to con-
trol the processing parameters during the diamond
growing process.

36 Claims, 34 Drawing Sheets
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NUCLEATION ENHANCEMENT FOR CHEMICAL
VAPOR DEPOSITION OF DIAMOND

RELATED APPLICATION

This application is a continuation-in-part of applica-
. tion Ser. No. 07/811,425, filed Dec. 20, 1991, now
pending.

FIELD OF THE INVENTION

The present invention relates to the field of chemical
vapor deposition (CVD), and more particularly, to a
method and apparatus for nucleation enhancement for
growing a diamond film by plasma CVD.

BACKGROUND OF THE INVENTION

With its large energy band gap and other unique
physical properties, diamond is regarded as a desirable
material for many engineering applications including
wear-resistant tool coatings, optical windows for visible
and infrared transmission, abrasives, and particularly
high temperature electronic devices. Diamond can be
used as a high-grade, radiation resistant, high-tempera-
ture semiconductor with potential application in many
commercial, military, and aerospace technologies.
Thus, there is considerable interest in finding and im-
proving techniques for synthesizing diamond films for
these and other applications.

Various techniques for forming diamond films have
been proposed. For example, U.S. Pat. No. 4,915,977 to
Okamoto et al. proposes forming a diamond film by
evaporating carbon onto the substrate by arc discharge
at a carbon cathode and applying a negative bias volt-
age to the substrate so as to form a plasma glow dis-
charge around the substrate. U.S. Pat. No. 4,830,702 to
Singh et al. proposes a hollow cathode plasma assisted
method and apparatus for forming diamond films. Un-
fortunately, such electrical discharge methods for form-
ing diamond films often fail to produce high quality
diamond films, or layers.

Microwave plasma enhanced CVD has also been
used to form diamond films. In addition, techniques
have been developed for enhancing the nucleation of
diamond onto a silicon substrate, or other substrate, for
the subsequent growth of a diamond film by a conven-
tional growth process. For example, it is well known
that the diamond nucleation density on a substrate may
be increased several orders of magnitude by simply
scratching or abrading the substrate prior to placing it
into the conventional CVD growth chamber. Although
the size and density of grown diamond particles can be
controlled to some extent by the size and density of the
scratches, each diamond particle still grows in a random
orientation. In addition, the maximum density of
diamond nuclei is also typically limited to less than
about 10%/cm? .

Other attempts have been made to more effectively
seed the nucleation process, such as by spraying the
substrate with diamond powder through an air brush, or
by ultrasonically abrading the substrate surface. U.S.
Pat. No. 4,925,701 to Jansen et al. proposes seeding a
substrate with a diamond powder to enhance nucle-
ation. Unfortunately, each of these types of preparation
techniques has to be performed outside of the plasma
CVD reaction chamber.

The scratching and seeding techniques, also fail to
produce a surface which is sufficiently smooth to permit
in-situ monitoring of the diamond growth rate. There-
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2

fore, ex-situ analysis is commonly used, such as cross-
sectional scanning electron microscopy or profilome-
try. Such ex-situ analysis does not permit processing
parameters to be controlled during the diamond growth
process.

An article entitled Generation of Diamond Nuclei by
Electric Field in Plasma Chemical Vapor Deposition, by
Yugo et al. appearing in Applied Physics Letters, 58
(10) pp. 1036-1038, Mar. 11, 1991, proposes a predeposi-
tion of diamond nuclei on a silicon mirror surface prior
to the conventional diamond CVD growth process. A
high methane fraction (i.e., at least 5 percent) in the feed
gas is taught by Yugo along with a negative electrical
bias of 70 volts negative with respect to ground applied
to the substrate for a time period of just several minutes.

The Yugo article also proposes that a balance must be
struck between the biasing voltage and the methane
content of the gas mixture. The authors of the Yugo
article theorize that an excessive acceleration of the ions
from a high voltage can destroy newly formed diamond
nuclei. Yugo suggests that revaporization of the newly
formed diamond nuclei should be suppressed by miti-
gating the ion impact by keeping the magnitude of the
bias voltage low. Thus, in order to offset the low bias
voltage, the degree of carbon over saturation, as deter-
mined by the methane percentage, should be increased.
Yugo reported that diamond nuclei growth did not
occur below 5% methane content and that high densi-
ties of nuclei occurred only above 10% methane. In
addition, the absolute value of the biasing voltages were
maintained below 200 volts negative with respect to
ground to avoid revaporization from high energy im-
pacting ions. The total time duration for the pretreat-
ment was limited to between 2 to 15 minutes.

It will also be necessary to produce single crystal
diamond thin films over relatively large areas of a sub-
strate in order to fully utilize diamond as a semiconduc-
tor material from which to fabricate electronic devices.
Homoepitaxial growth of diamond has been reported;
however, diamond substrates of sufficient size to make
the process economical are not currently available. The
growth of heteroepitaxial, or textured diamond films
comprising a plurality of locally heteroepitaxial
diamond areas, therefore, becomes an important goal if
the economical fabrication of diamond electronic de-
vices, for example, is to become a reality.

Heteroepitaxial or textured growth has been reported
on cubic-boron nitride (c-BN), nickel and silicon. C-BN
has shown promise as a heteroepitaxial substrate for
diamond due to its close lattice match and high surface
energy. However, it is presently difficult to grow c-BN
in large single crystal form. Recent results report that
local epitaxial growth of diamond on nickel is attrac-
tive. Nickel has a close lattice match with diamond
although its catalytic properties on the decomposition
of hydrocarbons into sp? bonded structures may make it
difficuit to inhibit the formation of graphite during
diamond growth and nucleation. Furthermore, it is
difficult to obtain diamond films which adhere well to
nickel.

An article by Jeng et al. in Applied Physics Letters,
56 (20) p. 1968, (1990), reported limited texturing of
diamond on silicon substrates having a semicrystalline
silicon carbide surface conversion film thereon. The
lattice match between B-SiC (a=4.36 A) and diamond
(a=3.57 A) is not extremely attractive; however, B-SiC
grows epitaxially on Si despite a 24% lattice mismatch.
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Thus, there still exists a need to form high quality
diamond films to take advantage of the many attractive
properties of diamond. In addition, there also exists a
need to improve heteroepitaxial or textured diamond
films for many electronic applications.

SUMMARY OF THE INVENTION

With the foregoing background in mind, it is there-
fore an object of the present invention to provide a
method and apparatus for creating a high diamond nu-
cleation density on a substrate for forming a high qual-
ity diamond film on the substrate.

It is another object of the present invention to pro-
vide a method and apparatus for creating a high
diamond nucleation density for forming a diamond film
on a substrate that may be performed in-situ in a vac-
uum plasma CVD chamber.

It is a further object of the present invention to pro-
vide a method and apparatus for creating a high
diamond nucleation density on a substrate for the
heteroepitaxial growth of diamond on the substrate.

It is yet a further object of the present invention to
provide a method and apparatus for permitting in-situ
monitoring of the growth of a diamond film on a sub-
strate.

These and other objects, advantages, and features of
the present invention are provided by a method and
apparatus for pretreating a substrate by providing a
diamond film adjacent the substrate, electrically biasing
the diamond film, and exposing both the substrate and
the thus biased diamond film to a carbon-containing
plasma. Preferably the diamond film is formed on a
substrate holder in laterally surrounding relation to the
substrate.

Without wishing to be bound thereto, applicants the-
orize that the diamond film contributes to the enhance-
ment of diamond nucleation by either of two mecha-
nisms. First, it is theorized that the diamond is chemi-
cally transported from the diamond film to the sub-
strate. In other words, it is possible that the diamond is
being moved from the diamond film to the substrate via
an etching and deposition process. A second theory is
that increased gas phase dissociation is caused by elec-
tron emission from the diamond film and that a higher
concentration of dissociated hydrocarbons are being
created by this electron dissociation process.

The electrical biasing step of the present invention is
preferably achieved by electrically biasing the substrate
holder and, therefore, biasing the diamond film on the
substrate holder. The substrate is also electrically biased
concurrently with the diamond film since the substrate
rests upon the substrate holder. The substrate holder is
preferably biased at a peak value of not less than about
250 volts negative with respect to ground while the
diamond film and substrate are exposed to a carbon-
containing plasma containing an atomic percentage of
carbon of not more than about 0.3 atomic percent. The
electrical bias supplied to the substrate may be either
pure DC, pulsed DC, alternating current (AC 50 or 60
Hz), or radio frequency (RF), as long as at least a por-
tion of the electrical bias waveform is not less than
about —250 volts.

Preferably the plasma gas mixture includes not more
than about 5 percent by weight methane, and more
preferably not more than about 2 percent by weight
methane. Diamond may then be deposited onto the thus
pretreated substrate by conventional plasma enhanced
CVD or other conventional CVD processes.

5,397,428

20

25

40

45

55

60

65

4

It has been found that to achieve high diamond nucle-
ation density when using an electrical bias of about
—250 volts, the pretreatment of the substrate is prefera-
bly carried out for a period of time in the range of be-
tween about 1 hour to 2 hours. When the diamond film
is grown on the pretreated substrate, the electrical bias-
ing of the substrate is preferably discontinued and the
substrate permitted to be electrically floating with re-
spect to ground, or grounded. Electrical biasing during
diamond growth has been found to produce a lower
quality diamond film.

According to one aspect of the present invention, to
determine when the electrical biasing of the substrate
should be discontinued, the reflectivity of the substrate
surface may be monitored during the pretreating. When
the reflectivity changes, indicating the start of growth
of diamond on the thus pretreated substrate, the electri-
cal biasing is preferably discontinued.

During pretreatment, the pressure of the gas may be
maintained at about 1 tort to 100 torr, and preferably
about 15 torr, and the substrate maintained at a tempera-
ture of about 350° to 1000° C., and preferably about 650°
C. In addition, the substrate is preferably immersed in
the plasma during the pretreatment and may be reposi-
tioned in spaced apart relation from the plasma during
the growth of the diamond film.

According to another aspect of the invention, a tex-
tured or heteroepitaxial diamond film may be formed on
a non-diamond substrate having a surface film, or outer
film, of a material closely lattice matched to diamond.
Suitable materials include those selected from the group
consisting of refractory metals and their carbides, cubic-
boron nitride, a-silicon carbide, 8-silicon carbide, cop-
per and nickel. The substrate surface film may be
formed in situ on the substrate by conventional CVD
processing as would be readily understood by those
skilled in the art. As used herein, the term “substrate
surface film” may also include a bulk quantity of the
material closely latticed matched to diamond, as would
also be readily understood by those skilled in the art.

The substrate surface film may be prepared by polish-
ing the film, oxidizing the polished film to remove pol-
ishing damage, and stripping the oxide prior to the
pretreating step. Then the pretreatment as described
above and diamond growth may be performed to pro-
duce the textured or locally heteroepitaxial diamond
film. To prevent excessive damage to the surface of the
substrate surface film, the biasing is preferably per-
formed for no more than about 30 minutes when an
electrical bias of —250 volts is applied to the substrate
holder.

A further aspect of the present invention is that a
diamond film may be formed having a desired nucle-
ation density by controlling the length of time of the
pretreatment step. Stated in other words, the desired
nucleation density may be controlled over several or-
ders of magnitude, by controlling the time of pretreat-
ment.

Yet a further aspect of the present invention is that
the growth of diamond may be readily measured in situ
by laser reflection interferometry (LRI) because of the
relatively smooth surface that results from the pretreat-
ment according to the invention. Accordingly, the
growth of the diamond may be monitored in real time
and the CVD processing parameters controlled to
achieve a desired growth rate or growth quality of the
diamond film. Laser reflection interferometry may also
be used to detect that the diamond film is starting to
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form and, therefore, that the electrical biasing should be
discontinued.

The apparatus according to the present invention
includes an evacuable chamber, a substrate holder posi-
tioned within the chamber, and means for generating a
carbon-containing plasma adjacent the substrate holder.
. The substrate holder includes an electrically conduc-
tive-substrate platform having a diamond film coating
on a predetermined portion of the platform. More par-
ticularly, the diamond film preferably includes an open-
ing extending vertically therethrough for receipt
therein of the substrate. Thus, the diamond film is later-
ally adjacent and surrounding the substrate. The sub-
strate holder is electrically connected to bias means,
such as a DC, pulsed-DC, AC, or RF power supply.

The apparatus may also include a controller for con-
trolling the electrical bias applied to the substrate; the
microwave power, gas flow ratio mixture, and pressure
for generating the plasma; and the substrate tempera-
ture. Thus, the processing parameters may be con-
trolled in real time during the pretreatment period, and
also during the diamond growth process.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic diagram of the apparatus
according to the present invention.

FIG. 1B is a greatly enlarged schematic cross-sec-
tional view of a portion of the substrate holder and
plasma as shown in FIG. 1A.

FIG. 2 is a graph showing interference cycles in the
reflected intensity during diamond film growth corre-
sponding to Example 1.

FIG. 3 is a Raman spectra of diamond film growth
corresponding to Example 1.

FIG. 4A is an SEM photograph of a silicon substrate
pretreated by scratching with 0.25 pm diamond powder
prior to diamond deposition as in the prior art.

FIG. 4B is an SEM photograph of a silicon substrate
pretreated according to the method of the present in-
vention corresponding to Example 2.

FIG. 5 is Raman spectra of the pretreated silicon
substrate as shown in FIG. 4A and the scratched sub-
strate as shown in FIG. 4B.

10

20

25

30

35

40

FIGS. 6A and 6B are XPS analyses as a function of 45

bias pretreatment time showing the C-1s and Si-2p peak
progressions, respectively, corresponding to Example
3.

FIGS. 7A and 7B are an AES and XPS-EELS spec-
tra, respectively, from single crystal diamond, amor-
phous carbon, single crystal SiC, and highly ordered
pyrolytic graphite (HOPG), corresponding to Example
3

FIGS. 8A and 8B are an auger electron spectra and
XPS-EELS, respectively, taken at various bias times
corresponding to Example 3.

FIG. 9 is a Raman spectra from a sample after 2 bours
of bias pretreatment corresponding to Example 3.

FIGS. 10A, 10B and 10C are SEM photographs of a
sample after a bias pretreatment after 1 hour, 1.5 hours,
and 2 hours, respectively, corresponding to Example 3.

FIG. 11 is a graph of nucleation density as a function
of bias pretreatment time corresponding to Example 3.

FIGS. 12A and 12B are XPS at various times for C-1s
and Si-2p peak progressions, respectively, correspond-
ing to Example 4.

FIGS. 13A and 13B are auger electron spectra and
XPS-EELS, respectively, taken at various diamond

50

S5

60

65

6

growth times on a sample pretreated for 1 hour, corre-
sponding to Example 4.

FIGS. 14A and 14B are SEM photographs showing a
sample after 1 hour bias only and 1 hour growth after a
1 hour bias, respectively, corresponding to Example 4.

FIG. 15 is a low magnification high resolution
XTEM of an interfacial film between silicon and
diamond corresponding to Example 5.

FIG. 16 is an high magnification high resolution
XTEM of an amorphous interfacial film between silicon
and diamond corresponding to Example 5.

FIG. 17 is a schematic diagram of a model of
diamond nuclei corresponding to Example 5.

FIGS. 18A-18F show various stages in a model of
diamond nucleation corresponding to Example 5.

FIGS. 19A-19C are SEM photographs of the tex-
tured diamond film at the center, region between the
center and the edge, and edge region, respectively,
corresponding to Example 6.

FIG. 20 is a schematic representation of the diamond
particle orientation relative to the SiC substrate corre-
sponding to Example 6.

FIGS. 21 is an SEM photograph of the center region
taken at a 45° tilt to show (111) faceting corresponding
to Example 6.

FIG. 22 is a Micro-Raman specira taken from a SiC
sample corresponding to Example 6.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present invention will now be described more
fully hereinafter with reference to the accompanying
drawings, in which preferred embodiments of the in-
vention are shown. This invention may, however, be
embodied in many different forms and should not be
construed as limited to the embodiments set forth
herein. Rather, applicants  provide these embodiments
so that this disclosure will be thorough and complete,
and will fully convey the scope of the invention to those
skilled in the art. Like numbers refer to like elements
throughout. The thickness of films and regions are exag-
gerated for clarity.

A schematic representation of the CVD apparatus
according to the present invention is generally desig-
nated as 50 in FIG. 1A. The CVD apparatus 50 prefera-
bly includes a conventional CVD reactor 51, such as an
ASTeX microwave plasma CVD reactor available
from ASTeX Company of Woburn, Mass.

The apparatus 50 has a conirollable microwave
power source 53 coupled to the reactor 51 by a rectan-
gular waveguide section 55 to generate a plasma 63
within the reactor for microwave plasma enhanced
CVD. The microwave power source 53 may be an
ASTeX S-1000, 2.45 GHz microwave supply. The reac-
tor 51 further includes a retractable substrate holder 57
positioned therein. A substrate 60 to be processed is
positioned on the substrate holder 57 and a heater 64
(e.g., a tantalum heater) associated with the substrate
holder is used to control the substrate temperature inde-
pendent of the plasma power. The temperature of the
substrate 60 may be measured by a conventional optical
pyrometer 62.

The plasma 63 forms at a stable position in a medial
portion of the reactor 51. The substrate 60 position
relative to the plasma 63 may be varied between O
(immersed in the plasma) and 8 centimeters by moving
the retractable substrate holder 57 with respect to the
reactor 51. The substrate holder 57 is connected to a
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controllable DC power supply 65 in the illustrated em-
bodiment to electrically bias the substrate holder 57
with respect to ground. Alternately, the substrate
holder may be isolated from ground so that it is at a
floating electrical potential, or the substrate holder may
be connected to ground, such as during growth of
~ diamond on the pretreated substrate. Other electrical
bias power supplies may be used in addition to the illus-
trated DC power supply 65 which provides a pure DC
bias. For example, a conventional pulsed-DC power
supply, AC (60 Hz) power supply, or RF power supply
may also be used to bias the substrate holder 57.

A conventional gas feed source 67, including a vac-
uum pump and/or other conventional process pumps,
are connected to the reactor 51. The gas feed source 67
controls the pressure within reactor 51 and the gas flow
rate, as well as the mixture of feed gasses.

According to another aspect of the invention, a laser
reflection interferometer 70 may be positioned outside
of the reactor 51 so that a laser beam may be directed
through a pair of spaced apart view ports 71, 72 to the
surface of the substrate 69, reflected from the substrate,
and back to the interferometer 70. The laser reflection
interferometer 70, as would be readily understood by
those skilled in the art, includes a laser 75, a beam di-
recting prism 76, and an optical detector 77. The laser
may be a helium-neon laser with a wavelength of 630
nanometers. The laser reflection interferometer 70 is
coupled to a controller 80, such as a computer or micro-
processor, operating under stored program control. The
laser reflection interferometer 70 may be used in-situ to
monitor the growth of a diamond film on the substrate
60 after the substrate has been pretreated to achieve
high diamond nucleation density. For example, the
quality of the diamond film may be determined by the
intensity of the reflected beam. As would be readily
understood by those skilled in the art, both surface
roughness and clarity are indications of the quality of
the diamond film.

The rate of growth of diamond may also be readily
monitored by the apparatus 50 as would be readily
understood by those skilled in the art. The controller 80
may be coupled to other controllable components of the
apparatus 50 so that real time corrections may be made
to the processing parameters during the growth of the
diamond film.

Referring now to the greatly enlarged view of a por-
tion of the substrate holder 57 as shown FIG. 1B, an-
other aspect of the present invention will now be ex-
plained. The substrate holder 57 includes a substrate
holding platform 58, such as a molybdenum cap, se-
cured to the end of a tubular body 59, as would be
readily understood by those skilled in the art. Accord-
ing to the invention, the substrate platform 58 includes
a diamond film 61 on 2 predetermined portion thereof.
As illustrated, the diamond film 61 preferably includes
an opening extending vertically therethrough having a
circular cross-sectional shape to receive therein a con-
ventional circular substrate 60. Thus, the diamond film
61 is in the form of a ring that is laterally adjacent and
laterally surrounds the substrate 60. Accordingly, both
the diamond film 61 and the substrate 60 may be readily
exposed to the plasma 63.

The diamond film 61 may also coat the entire sub-
strate platform 58. In other words, the diamond film
may also extend along the surface of the substrate plat-
form 58 beneath the substrate 60. Other positions for the
diamond film are also possible as long as the diamond
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film is connected to the bias power supply 65 and is
exposed to the plasma 63. Exposed to the plasma 63
means that the diamond film 61 and the substrate 60 are
immersed in the plasma glow region, or more typically,
positioned contiguous with the plasma sheath region
which in turn is below the plasma glow region.

As shown in FIG. 1B, the majority of the current is
believed to be supplied by electrons e~ emitted from the
diamond film 61, as opposed to ions @ accelerated
towards the substrate 60. Without wishing to be bound
thereto, applicants accordingly theorize that the
diamond film 61 contributes to the enhancement of
diamond nucleation by either of two mechanism. First,
since the diamond film 61 appears to become depleted
over time, it is possible that the diamond is being chemi-
cally transported from the diamond film 61 to the sub-
strate 60. In other words, it is possible that diamond is
being moved from the diamond film 61 to the substrate
60 via an etching and deposition process.

Another theory is that increased gas phase dissocia-
tion is caused by electron e— emission from the
diamond film 61 and the higher concentration of disso-
ciated hydrocarbons are being created by this electron
dissociation process. It was also observed that under
higher biases, a lower region of the plasma 63a began to
appear red, indicative of increased hydrogen dissocia-
tion. If hydrogen dissociation is increased, then, hydro-
carbon dissociation should increase as well. It is there-
fore theorized that a higher concentration of dissociated
hydrocarbons, as required for diamond nucleation, are
being created via this electron dissociation process.

In the parent application to the present application,
Ser. No. 07/811,425, filed on Dec. 20, 1991, the entire
disclosure of which is incorporated herein by reference,
it was believed that biasing of the substrate provided the
predominant effect resulting in the high nucleation den-
sities achieved. During repetitive experiments relating
to studying diamond nucleation densities, exposed por-
tions of the substrate holder surrounding the substrate
became serendipitously coated with polycrystalline
diamond. In an attempt to increase the current flux to
the substrate and thereby increase the nucleation den-
sity, the molybdenum substrate holder was sand blasted
to remove the polycrystalline diamond film accumu-
lated thereon. It was speculated that with the diamond
film removed from the substrate holder, that the effec-
tive surface area of the electrode would be increased
and the current flux would also be thereby increased.
Accordingly, an increase in current flux was expected
to increase the efficiency of the nucleation process.

Contrary to expectations, however, when the
diamond film was removed from the substrate holder,
both the current flux and the nucleation density de-
creased dramatically. Further experiments were then
performed including measuring the current flux for an
alumina coated substrate holder also at a bias of —250
volts. The results of these experiments are summarized
m Table 1 below.

TABLE 1
Substrate Coating Current (mA) Nucleation
diamond 100 high
none 20 none
alumina 20 none

As noted in TABLE 1, when the substrate holder is
either uncoated or alumina (insulator) coated, the cur-
rent is one-fifth that obtained with the diamond coated
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substrate holder. Moreover, no noticeable nucleation
occurred when the substrate holder was either uncoated
or alumina coated as compared to the high diamond
nucleation densities achieved with the diamond coating
on the substrate holder. Accordingly, it is now theo-
rized that the electrically biased diamond film posi-
. tioned adjacent the substrate provides the predominant
effect in achieving high diamond nucleation densities.

The method according to the invention for pretreat-
ing a substrate to create a high diamond nucleation
density for the growth of a diamond film thereon in-
cludes the steps of providing a diamond film adjacent
the substrate, and electrically biasing the diamond film
while exposing both the substrate and the thus biased
diamond filin to a carbon-containing plasma.

As noted above, the diamond film is preferably
formed on the substrate holder and is biased along with
the substrate. The substrate holder is preferably biased
at a peak absolute value of —250 volts or greater, with
respect to electrical ground. Pulsed DC, AC, and RF
may be used to bias the substrate holder. Preferably the
carbon-containing plasma has an atomic percentage of
carbon of not more than about 0.3 atomic percent, such
as provided by a plasma gas mixture including not more
than about 5 percent by weight of methane, and more
preferably not more than about 2 percent methane by
weight. Other carbon-containing gasses may also be
used including those selected from the group consisting
of ethane, ethylene, acetylene, acetone, ethanol, carbon
dioxide, CCly, C;ClsH;, CClI3CF3, CCI3CH20H inclu-
sive of aliphatic hydrocarbons with from about 1 to
about 10 carbon atoms per molecule.

The pretreatment is preferably carried out for a pre-
determined time, such as for at least about 1 hour to 2
hours for a high nucleation density and with an electri-
cal bias of about 250 volts negative with respect to
ground. The time period roughly equates to the start of
the diamond growth on the substrate. It has also been
found that the electrical bias should be discontinued
after pretreatment in order to grow a high quality
diamond film. Accordingly, a thinner, more complete
polycrystalline diamond film may be produced over a
shorter growth period on a silicon substrate. The
method is cleaner and substantially less destructive than
scratching, abrading, or externally treating the silicon
substrate with a carbon-containing substance. The
method according to the present invention has also been
found to produce high nucleation density which makes
possible more complete and thinner diamond films, such
as may be useful for forming thinner diamond windows.
The method may also be advantageously used to coat
irregularly shaped objects with diamond, such as drill
bits, where uniform abrasion of an irregular surface, as
required for conventional abrading techniques, is diffi-
cult. In addition, better adhesion of the diamond film to
the substrate may be obtained by the method according
to the invention.

The method according to the present invention pro-
vides a high nucleation density without requiring
scratching or abrading the substrate surface and
achieves much higher nucleation densities than those
achieved on scratched substrates. The enhanced nucle-
ation allows a complete film composed of small grains
to form in a relatively short time. Accordingly, the
diamond film formed is smoother compared to conven-
tionally formed diamond films. The relative smoothness
of the substrate surface produced by the method ac-
cording to the present invention permits LRI to be used
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during the diamond growth process so that real time
control of the growth processing parameters is possible.

LRI requires a relatively smooth surface to avoid
surface scattering and the commensurate drop in re-
flected intensity. Current alternatives to LRI usually
involve ex-situ analysis such as cross-sectional SEM or
profilometry. LRI permits changes in growth to be
continuously monitored while a diamond deposition is
in progress; thus, changes in these rates during a deposi-
tion, either due to purposeful changes in growth param-
eters or accidental changes due o unforeseen problems
can be determined and the processing parameters ad-
justed accordingly.

LRI operates by the simple superposition of two light
waves from both the top surface of the growing
diamond film, as well as the interface between the film
and the substrate see, for example “Optical Character-
ization Techniques for Semiconductor Technology,”
by Olson et al.,, SPIE, Vol. 276, p. 128 (1981). The light
waves add and as the film continues to grow there is a
cycling of the intensity due to the alternating periods of
both constructive and destructive interference. For
monochromatic light the growth rate (R) may be calcu-
lated as:

R=Q0/20)/T,

where A=wavelength of the laser light, n=index of
refraction of the diamond film, and T =period between
interference cycles. For CVD diamond, an index of
refraction of natural diamond may be used (n=2.4).
Since this index may vary with the quality of diamond,
it may be necessary to adjust the value of 7 utilizing a
series of calibration experiments. This may be accom-
plished by performing depositions to cover the desired
extremes in relative quality as determined by some inde-
pendent technique, such as Raman spectroscopy. Next
the thicknesses of the films are measured and compared
to those calculated from LRI. One may then solve for 5
in the above equation to determine the index of refrac-
tion at those extremes.

During pretreatment there is a period of time during
which no diamond growth is detected. LRI permits one
to directly observe and account for this nucleation per-
iod. During the nucleation period, the reflected inten-
sity is relatively flat, but as soon as the diamond film
begins to grow, there is a noticeable decrease in the
reflected intensity. Applicants theorize without wishing
to be bound to any theory, that this initial drop in reflec-
tivity is due to the absorption of light by the surface film
of carbon which is deposited during the pretreatment
period. When this drop in intensity is observed, the
pretreatment may be stopped and standard diamond
growth allowed to begin. Discontinuing the bias volt-
age thus allows the substrate to have a floating poten-
tial. It has been found that if the bias voltage is main-
tained, then the carbon film will continue to grow,
followed by a poorer quality diamond than in the case
where the bias voltage is discontinued. LRI makes it
possible to measure the nucleation period, as well as the
diamond film growth rate, either of which may vary
with changes in processing parameters.

Applicants theorize, without wishing to be bound
thereto, that the relatively high electrical bias of the
present invention creates a higher saturation of diamnond
growth (carbon) species and thus helps to stabilize the
existing nuclei already formed on the substrate. Appli-
cants also theorize that the lower concentration of the
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carbon-containing gas (e.g., not more than about 5 per-
cent by weight for methane, and preferably not more
than about 2 percent by weight methane) during the
pretreatment produces a better quality diamond. As the
methane concentration is increased for example, more
undesirable graphite and amorphous carbon may be
_ incorporated into the diamond. From initial in-vacuo
surface analytical measurements coupled with a growth
series, little, if any, graphite is formed on the substrate
surface if low methane concentrations are used. In con-
trast, a higher methane (and higher carbon) concentra-
tion is likely to form graphite in the early stages of the
biasing during the pretreatment. Additionally, if
diamond then nucleates on the graphite, the adhesion of
the diamond film to the substrate is likely to be very
poor. It is further theorized that the relatively long
pretreatment time of one to two hours for a mirror
finished silicon substrate may give the silicon carbide
interfacial film a chance to partially crystallize, thus
improving the integrity of the interfacial film.

Another aspect of the present invention is the ability
to control the nucleation density of the diamond film
over several orders of magnitude by controlling only
the pretreatment time.

A further aspect of the invention is that a hetero-
epitaxial diamond film may be formed on a substrate
having a surface film of a material with a relatively
close lattice match with diamond selected from the
group consisting of refractory metals and their carbides,
cubic-boron nitride, a-silicon carbide, B-silicon carbide,
copper, and nickel. The term “refractory metal” relates
to a metal which exhibits refractory properties, namely
a metal characterized by its ability to withstand ex-
tremely high temperatures (i.e., temperatures greater
than about 1500° C.). Exemplary refractory metals are
transition element metals, and preferably are selected
from the group consisting of Group IV, V and VI tran-
sition element metals (CRC Handbook, 71st Ed.). Ex-
emplary refractory metals include titanium, tantalum,
tungsten, molybdenum, hafnium and niobium.

The surface film of the substrate is pretreated as de-
scribed above, however, the biasing is preferably car-
ried out for a shorter time of not more than about 30
minutes at an absolute value of not less than about 250
volts negative with respect to ground to prevent dam-
age to the substrate surface film. As described in further
detail below in Example 6, a2 8-SiC film on a silicon
substrate was pretreated with the electrical bias produc-
ing a locally heteroepitaxial diamond film.

These and other aspects of the present invention are
more fully explained below in the following Examples
which are illustrative but not limiting of the invention.
In the Examples, chemical compositions and structures
were characterized by X-ray photoelectron spectros-
copy (XPS), auger electron spectroscopy (AES), and
surface electron energy loss spectroscopy (EELS), as
well as high resolution cross-sectional transmission
electron microscopy (XTEM), scanning electron mi-
croscopy (SEM) and Raman spectroscopy.

EXAMPLE 1

The diamond films for this example were prepared in
an apparatus similar to that shown schematically in
FIGS. 1A and 1B. Referring to FIG. 2 there is shown
the results of using LRI to monitor the diamond growth
rate in the apparatus. The laser light was reflected
nearly perpendicular to the substrate and the reflected
intensity, monitored via a silicon photodiode, was re-
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corded by a computer. The helium-neon laser (A=630
nm) corresponded to 0.13 um film growth per intensity
cycle in the case of a high quality diamond film having
n=2.4. Several initial calibration runs were performed
with methane percentages ranging from 0.5% to 5%.
Even in the case of the poorest quality film, the actual
thicknesses varied less than 10% for films 1-4 pum thick,
from that measured assuming n=2.4.

In the present example, the bias voltage to the sub-
strate was approximately —250 volts with respect to
ground and the current drawn was approximately 100
mA, (between about 75-125 mA) for a 1% by weight
methane in hydrogen gas mixture at 15 torr. The opti-
mum period for pretreatment appeared to be approxi-
mately 1 to 2 hours.

Both SEM and Raman spectroscopy were used to
determine the quality of the diamond grown on the
pretreatment film as shown in FIGS. 4A and 3, respec-
tively. The diamond films shown were grown on un-
scratched silicon substrates at 25 torr in a 1% methane
in hydrogen mixture. The total flow rate was 1000
sccm, and the microwave power was about 750 watts.

There appeared to be a relationship between the ion
current and the time required to grow an appropriate
nucleation film. By visibly decreasing the roughness of
the final diamond film surface, the pretreatment method
made it possible for LRI to be conducted during growth
of the diamond film on an as-received mirror finish
silicon substrate for up to 60 hours of diamond growth.

EXAMPLE 2

In this example, a processing apparatus similar to that
shown schematically in FIGS. 1A and 1B was used to
grow a diamond film onto a pretreated silicon substrate.
FIG. 4B shows a substrate pretreated according to the
present invention with a diamond film grown thereon.
The substrate was electrically biased at —250 volts with
respect to ground, and immersed in a 2% methane in
hydrogen plasma for 1 hour. The total flow rate was
1000 sccm, the net microwave power was maintained at
600 watts and the pressure was 15 torr. The thus pre-
treated substrate was then grown on for 5 hours using
conventional CVD techniques.

FIG. 4A, in comparison, shows a silicon substrate
that was scratched with 0.25 pm diamond paste, as in
the prior art, and then subjected to an identical growth
of 5 hours. Raman spectra for both the scratched and
pretreated silicon substrates, (a) and (b) respectively,
are shown in FIG. 5. The smaller diamond peak (1332
cm—1) and larger background observed from the pre-
treated sample is indicative of a film with a higher nu-
cleation density and a larger number of grain bound-
aries.

Pretreated substrates were found to have a nucleation
density of up to 10!!/cm? depending on the length of
the pretreatment time. This contrast with the scratched
substrate density of 107/cm? or a pristine substrate nu-
cleation density of only about 104/cm2. Thus, four or-
ders of magnitude improvement in nucleation density
was achieved by pretreatment over scratched samples,
and the resulting diamond films formed on the pre-
treated substrates showed better thickness uniformity
and lower surface roughness.

EXAMPLE 3

In this example a processing apparatus similar to that
shown schematically in FIGS. 1A and 1B was used
along with other conventional measuring devices and
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techniques. In this example, results were obtained
which indicate that nucleation density of a diamond
film may be controlled over five orders of magnitude by
altering the electrical bias pretreatment time. As would
readily be appreciated by those skilled in the art, the
ability to so control nucleation density by controlling
only a single processing parameter has many advan-
tages.

A series of pretreatments were interrupted at set
intervals and then the substrate was analyzed in-vacuo 1
to observe the corresponding changes in surface chem-
istry to systematically observe the nucleation process.
Table 2 below outlines the measurements performed for
this pretreatment series.

TABLE 2 1
Analysis Performed

Bias Time
(min/hrs)
Before Bias
1 min.
5 min.
15 min.
30 min.
1 hr.
1.5 hrs.
2.0 hrs.

XPS/AES XPS-EELS Raman SEM TEM

2

2

P4 bl D4 D4 M
R ol
P

X
X

One centimeter square samples were prepared from
undoped silicon substrates. They were ultrasonically
cleaned in trichloroethylene (TCE), acetone, methanol,
2-Propanol and the rinsed in deionized (DI) water. Just
prior to insertion into the processing apparatus, they
were dipped for 1 minute into a 1:10 mixture of hydro-
fluoric acid in DI water 1o remove any existing native
oxide, rinsed in DI water and then blown dry with
nitrogen. This procedure was to ensure minimal surface
oxidation and hydrocarbon contamination on each of
the samples.

The substrates were electrically biased at 250 volts
negative with respect to ground, immersed in a 2%
methane-in-hydrogen plasma. The total flow rate was
1000 sccm, the net microwave power was maintained at
600 watts and the pressure was 15 torr. Individual sam-
ples were biased for 1, 5, 15, 30, 60, 90 and 120 minutes.
The plasma and electrical bias were then shut off, the
chamber was evacuated to 10—7 torr, and the sample
was subsequently transferred to a surface analytical
chamber. In the analytical chamber, XPS, SPS-EELS
and AES were performed on each sample. An as-
inserted sample was also analyzed to observe the chemi-
cal species present on the surface before pretreatment
was initiated.

FIG. 6A shows the carbon 1s (C-1s) core level peak
observed using XPS, as a function of electrical bias time
of which the quantitative analysis is shown below in ¢
Table 3.

TABLE 3

Bias

Time Carbon 1s Silicon 2p Concentration
(min. or  Peak Ratios Peak Ratios Ratios

hrs.) C—C:Si—C  Si—S8i:Si—C: (8i—O0) (C:Si)
0.0 hrs. (CH,0) 100:0 16:84

5 min. 22:78 44:43:(13) 26:74
15 min. 22:78 26:74 32:68
30 min. 20:80 20:80 33:67

1 hr. 20:80 1:99 37:63
1.5 hrs. 54:46 12:88 48:52
2.0 hrs. 90:10 11:89 92:08
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The silicon substrate was found to have a small
amount of carbon contamination on it before electrical
biasing began. This carbon contamination was found to
be either removed or converted into SiC in the first 5
minutes of biasing. From 5 minutes to 1 hour, the major-
ity of the carbon on the surface has a binding energy of
282.8 €V and is assigned to Si-C bonding. Deconvolu-
tion of the C-1s peaks show that a smaller peak, approxi-
mately 20% exists at 284.3 Ev characteristic of C—C
bonding. The origin and structure of this excess C—C
bonding is unclear as is its effect on the nucleation den-
sity. Since XPS core level shifts can only give chemical
bonding information, they are not capable of distin-
guishing between diamond, graphite and amorphous
carbon.

It is unlikely that the C—C peak represents diamond
since such a large difference in nucleation density is
observed for biases of 5 minutes to 1 hour. The fact that
the relative percentage of this peak to the total C-1s is
fairly constant at 209 for 5 minutes to 1 hour, leads
applicants to theorize without wishing to be bound
thereto, that the carbon could be on the surface of the
film. A post biasing sputter with argon in the processing
apparatus was successful in removing the C—C result-
ing in a single Si-C peak at 282.8 Ev, thus confirming
that the carbon was confined to the surface. Applicants
further theorize that the small amount of carbon is
caused by the biasing process, such as excess etching or
sublimation of the Si from the SiC, or the increased flux
of hydrocarbon ions to the surface.

The Si-2p peak shown in FIG. 6B was used to ob-
serve the chemical transformation of the silicon sub-
strate as a function of bias time. Before biasing begins,
there exists only a single peak at 99.0 Ev, which is repre-
sentative of elemental silicon. After just 1 minute of
biasing, a majority of the silicon observed has been
converted into silicon oxide (102.7 €V). By 15 minutes
of biasing, however, the oxide has been totally removed
and the resulting peak is a mixture of elemental silicon
(99.0 eV) and Si-C (100.3 eV). From 15 minutes to 1
hour, the Si-C peak steadily increases to nearly 100%,
suggesting that it is covering the silicon substrate. At 1.5
hours, corresponding to the sharp increase in C-1s peak
at 284.3 eV (FIG. 6A) there is a reemergence of the
elemental silicon signal at 99.0 eV. This suggests that
etching of the interfacial Si-C film may be occurring
thereby bringing Si closer to the surface and causing an
increase in the Si signal. By 2 hours, the C-1s peak
shows over 90% C—C bonding, and the carbon-to-sili-
con ratio is up to over 90% as well, indicating that the
surface is nearly covered with some elemental form of
carbon shown to be diamond by AES, XPS-EELS, and
Raman spectroscopy as explained below.

The XPS series showed that a SiC film develops
before the surface becomes covered with the elemental
form of carbon. Overlayer calculations were used to
determine the approximate thickness of this film as a
function of bias time. Calculations are based on an in-
elastic electron mean free path of 20 A, and assume a
layer-by-layer growth model of the SiC overlayer for
simplicity. The results of these calculations are shown
below in Table 4.

TABLE 4
Si—C film
Bias Time Thickness c—C Si—0
{min. or hrs) &) &) &
0.0 hrs. - 4 0
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TABLE 4-continued
Si—C film
Bias Time Thickness c—C $i—0
(min. or hrs.) A) A (A)
5 min. 12 6 4
15 min. 27 8 0
30 min. 32 8 0
1 hr 90 9 0
L5 hrs. 42 (Diamond) 0
2.0 hrs. 44 (Diamond) 0

Before biasing, therg exists a clean silicon substrate
with approximately 4 A of the amorphous and hydroge-
nated carbon on the surface. From 5 minutes to 1 hour,
the carbide thickness climbs from approximately 10 to
90 A while the carbon increases slightly from 5 to 10 A.
At 1.5 hours, concurrent with the observed increase in
the elemental silicon peak, the carbide thickness drops
drastically back down to approximately 45 A, and re-
mains relatively unchanged by 2 hours.

It should be noted that the layer-by-layer approxima-
tion used above may result in a lower calculated value
for the interfacial carbide thickness than has actually
occurred. If the carbide film at 1 hour had a uniform
thickness of 90 A and the subsequent etching was nonu-
niform, that is, island-like, then the agtual average thick-
ness would be higher than the 45 A calculated above.
There would still be a decrease in the overall thickness
from 1 hour to 1.5 hours, yet not quite as drastic as
estimated.

Since the XPS core level shifts can only provide
chemical bonding information, C-EELS and AES were
used to help provide information as to the crystalline
structure of the different forms of carbon observed on
the surface during the series. FIGS. 7A and 7B both
show standard AES and XPS-EELS spectra, respec-
tively, taken from natural type I1A diamond, sputtered
amorphous carbon, SiC, and highly ordered pyrolytic
graphite (HOPG). The AES bias time series shown in
FIG. 8A shows a transition from the hydrogenated and
amorphous carbon that exists on the surface before
biasing begins to a fine structure resembling SiC by 15
minutes, then to one resembling diamond by 2 hours of
biasing. There is a subtle change from the 1 hour bias
sample to the 1.5 hour case.

From the XPS-EELS data shown in FIG. 8B, the
transition from SiC to diamond is much more evident.
From the standards shown in FIG. 7B, SiC has a char-
acteristic bulk plasmon peak at 23 eV and diamond has
both bulk and surface plasmon peaks at 35 eV and 25 eV
respectively. As shown, at 0.5 hours, the spectra clearly
resembles that of SiC, with a single bulk plasmon peak
at 23 eV,and at 2 hours resembles diamond with both
bulk and surface plasmon peaks at 35 eV and 25 eV
respectively. However, at 1.5 hours the spectra is a
clear mixture of both diamond and SiC, thus suggesting
that some diamond is present on the surface after 1.5
hours of biasing.

Based upon this data, applicants theorize without
wishing to be bound to the theory, that the sharp rise in
the C-1s peak at 284.3 eV after 1.5 hours of bias as
shown in FIG. 6A was due to increase in the number of
diamond nuclei on the surface. In addition, in the spec-
tra for the carbon XPS-EELS, no peak at 6 eV off of the
core level was observed, thus suggesting that graphite
was not present on the surface throughout the biasing,
at least within the sensitivity limits of the measurement
technique.

16
To further demonstrate that the carbon observed
after 1.5 and 2 hours of bias was diamond, Raman spec-
troscopy was performed. Due to the relatively low
cross-section for diamond, 10 scans were performed and

5 then subsequently superimposed in order to improve
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the signal-to-noise ratio. The carbon concentration on
the 1.5 hour sample was still too low to observe with
this technique, however, the 2 hour sample did produce
a small characteristic diamond peak at 1332 cm—1, as
shown FIG. 9. No graphitic peaks were observed near
1580 cm—!. Since graphite has about a 50 times higher
Raman cross-section than does diamond, it is highly
improvable that the diamond could have nucleated on
graphite. If so, a Raman peak at 1580 cm—! would have
been observed for a nucleation density as high as ob-
tained here.

As shown in FIGS. 10A-10C, SEMs were also taken
at 1 hour (FIG. 10A), 1.5 hours (FIG. 10B), and 2 hours
(FIG. 10C) bias to see if the diamond could be ob-
served. The 2 hour sample of FIG. 10C showed that the
surface was about 90% covered with diamond particles
ranging in size from 10 to 60 nm in diameter as mea-
sured within the resolution of the Hitachi H-5000 field
emission microscope. The nucleation density from the 2
hour sample was observed to be about 5X1010/cm?
since particles less than 10 nm could not be observed
with the microscope used. The 1.5 and 1 hour samples
showed decreasing nucleation densities of about 5% 109
and 5% 108/cm? respectively. The 30 minute sample had
a very small number of observable nuclei present mak-
ing it difficult to obtain an accurate measure of nucle-
ation density. Therefore, nucleation density for the 30
minute sample was determined based upon a 10 hour
growth on the 30 minute bias pretreatment that pro-
duced an approximately 75% complete diamond film
and that yielded a density of 1X107/cm2 FIG. 11
shows a graph of nucleation density versus bias time.
From this data it would be readily understood by those
skilled in the art that the nucleation density could be
controlled by over 6 orders of magnitude by controlling
the bias pretreatment time alone.

Data from the AES, XPS-EELS, Raman and SEM
all suggest and self-consistently confirm that diamond is
nucleating during the biasing pretreatment. Diamond
particles may be observed by SEM at as early as 30
minutes of biasing. Nucleation continues for up to 2
hours, at which time the surface is nearly covered with
nuclei no larger than 80 nm in diameter. This confirms
that the biasing pretreatment is actually creating the
diamond nuclei, as composed to just creating sites that
are favorable for diamond nucleation. If the bias pre-
treatment is continued long afier the nominal 2 hour
period, a much poorer quality diamond film results, thus
suggesting that conditions favorable for nucleation are
not so for diamond growth.

EXAMPLE 4

In the series of experiments for this example, an appa-
ratus similar to that illustrated in FIGS. 1A and 1B was
used. Table S below outlines the experiments and analy-
ses performed in this example.

TABLE 5
Analysis Performed

Bias/Growth

Time (min/hrs) XS/AES XPS-EELS Raman SEM TEM
1.0/0.0 X X X
1.0/0.75 X X
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TABLE 5-continued

Analysis Performed

Bias/Growth

Time (min/hrs) XS/AES XPS-EELS Raman SEM TEM
1.0/1.0 X X X
1.0/2.0 X X X
1.0/5.0 X X X X X

The substrates were prepared identically to those in
the preceding example. The substrates were then pre-
treated as described in the preceding example for 1
hour. At the end of pretreatment, the electrical biasing
was discontinued, the methane concentration was re-
duced to 1% at 1000 sccm of hydrogen, the pressure
was increased to 25 torr and the substrates were reposi-
tioned to a distance of 0.5 cm from the plasma.
Diamond film samples were then grown on these pre-
treated substrates for 0.75, 1, 2, and 5 hours. The results
from the surface analysis for this series are summarized

in Table 6 below.
TABLE 6
Concen-

Bias/ Carbon 1s Silicon 2p tration
Growth Time Peak Ratios Peak Ratios Ratios
(hrs./hrs.) C—C:Si—C  Si—Si:Si—C:(Si—0) (C:Si)
0.0/0.0 (C:H,0,) 100:0 16:34
0.08/0.0- 22:78 44:43:(13) 26:74
0.25/0.0 22:78 26:74 32:68
0.5/0.0 20:80 20:80 33:67
1.0/0.0 20:30 1:99 37:63
1.0/0.75 - - 43:57 10:90 35:65
1.0/1.0 50:50 14:86 41:59
1.0/2.0 76:24 35:65 52:48

1.0/5.0 100:0 — 100:0
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From observing the C-1s peak as a fumction of 33

growth time as shown in FIG. 12A, a steady increase in
C—C bonding (284.3 eV) is shown from when the bias
is discontinued and the growth begins, until the sub-
strate is totally covered with diamond at the 5 hour
mark. Of special interest is the Si-2p peak in FIG. 12B.
When the bias is discontinued at 1 hour, the surface has
been almost totally converted to SiC. After just 45
minutes of growth on this surface, the relative contribu-
tion of reduced Si to the total Si-2p peak has increased
to 10% while the carbon-to-silicon ratio has remained
nearly constant. Applicants theorize without wishing to
be bound to the theory, that as the individual diamond
particles are growing, as indicated by the increase in the
C-1s peak at 284.3 eV, that etching of the SiC sur-
face/interfacial film may be exposing silicon from the
original substrate. It is not necessary to totally expose
the silicon in order to observe it by XPS. Given the
theoretical escape depth for silicon, it should still be
possible to observe the signal if it is covered by as much
as 80-100 A of SiC. If the SiC is amorphous, the escape
depth may be slightly longer. By 2 hours of growth
after biasing, the carbon-to-silicon ratio has increased to
over 50%, with 76% of the C-1s signal originating from
C—C bonding. The contribution from Si-Si bonding to
the Si-2p peak has now increased to 35%, further sug-
gesting that etching of the SiC interfacial film may be
continuing as the diamond particles continue to grow.

Overlayer calculations, similar to those described in
the preceding example, indicate that once the bias is
discontinued, the Si-C film begins to diminish rapidly.
The interfacial film reduces in average thickness, from
90 A at the end of biasing, to 40 A by 1 hour and 20 A
by 2 hours of growth. This data further suggests that the
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SiC film is being etched, or removed, once significant
diamond growth occurs. As mentioned previously, the
actual decrease in carbide thickness will not be as sharp
if the etching, or removal of the carbide is nonuniform.

The AES spectra, in FIG. 13A continue to show a
strong contribution from the SiC and do not resemble
diamond until after 5 hours of growth. The XPS-EELS
series on the other band shows in FIG. 13B that the
contribution from diamond begins to become significant
by 1 hour of growth, and continues until the film is
complete at 5 hours. FIGS. 14A and 14B shown SEM
photographs taken from a sample after just the 1 hour
pretreatment (FIG. 14A) and after an additional 1 hour
of diamond growth (FIG. 14B). The SEMs show that
after the bias is discontinued, no more significant nucle-
ation occurs and that the diamond growth continues
primarily on the nuclei that existed at the end of the
pretreatment period. The nucleation density remains
relatively unchanged throughout the growth and aver-
age particle diameter increases in size.

It is important to comment on the sensitivity of the
XPS-EELS in observing diamond nucleation on, in this
case, SiC. Based on the SEMs discussed above for the 1
hour biased sample (FIG. 14B), the nucleation density
of diamond particles on the surface was approximately
5% 108/cm2 and they were 10 to 50 nm in diameter. This
concentration may be too small to be detected by XPS-
EELS. A rough area calculation based on an average
particle diameter of 20 nm indicates that the percentage
of the sampling area covered by the diamond particles
would be only 0.2%. For the sample that was grown for
1 hour after biasing, the average particle diameter is
near 100 nm. From this, the average sampling area oc-
cupied by the diamond has increased to over 4%. Based
on these calculations and the data presented above, the
XPS core level measurements are an effective means of
determining the amount of specific phases on the sur-
face during the nucleation process, but XPS-EELS may
only be used to obtain structural information for surface
concentrations in excess of 2-4%.

Thus, from the bias and growth series discussed
above, the data suggests that diamond grows primarily
on the diamond particles that existed on the surface
after the initial biasing pretreatment. SEM micrographs
at different post-biasing growth times show that the
initial particles just increase in size and develop better
crystal habits with time. The discontinuation of nucle-
ation once biasing ceases suggests again that ideal
growth conditions may not be favorable for nucleation.
As the diamond particles grow, there appears to be
eiching of the SiC film as suggested by the increase in
the Si-Si bonding observed in the XPS Si-2p series.

EXAMPLE 5

FIG. 15 shows a low magnification high resolution
XTEM micrograph from a sample that had been biased
for 1 hour, and then grown on for 5 hours using an
apparatus similar to that shown in FIGS. 1A and 1B.
The electron beam direction was parallel to the
Si< 110>, such that the sample was viewed in an exact
edge-on condition. An interfacial film is readily ob-
served between the silicon substrate and the diamond
film. Several diamond nuclei are seen to be emerging
from this interfacial film, and none were observed to be
in direct contact with the Si substrate. This divergence
of the initial nuclei reconfirms that CVD diamond un-
dergoes three-dimensional growth once the stable nu-
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clei have formed. Twin lamellae, prominent defects in
diamond, were also observed just above where the
nuclei begin to coalesce as shown by the arrows in FIG.
15.
High resolution TEM images were also obtained in

the same region, as shown in FIG. 16. The grainy ap- -

pearance of this interfacial film under optimum focusing
conditions revealed its non-crystalline, or amorphous
character. This was then confirmed by electron mi-
crodiffraction and optical diffractogramography.
EELS was not performed in this region since its thick-
ness was below the spatial resolution limit required for
microanalysis in TEM. However, transmission EELS
was performed on a separate sample that had a much
thicker interfacial film, and the spectra obtained were
identical to a spectrum collected from single crystal
B-SiC under similar operating conditions. No other
elements were found in these EELS spectra. Combined
with the in-vacuo surface analysis presented above,
applicants theorize without wishing to be bound
thereto, that this interfacial film is predominantly amor-
phous SiC. The interfacial film for the 1 hour bias sam-
ple appears to have an average thickness of approxi-
mately 60 A, with some areas as thick as 100 A.

From a nucleation standpoint, it is important to deter-
mine whether the nuclei actually formed on top of this
amorphous film, or on the surface of the silicon. Be-
cause the sample is being viewed in cross-section, and
due to the limited depth of field, the nuclei may only
appear to have formed on top of the interfacial film. If
one models the nuclei as an inverted pyramid, it is easy
to envision how a cross-sectional slice not made in the
exact center of the nuclei can make it appear to have
originated further from the substrate. However, by
tracing the boundaries of the nuclei to a converging
point within the apparent interfacial film, it still appears
that the nuclei originate above the silicon substrate.
This is shown schematically in FIG. 17 and may also be
seen in FIG. 16. Furthermore, in all of the samples
examined, none of the diamond crystals were observed
to be in direct contact with the Si substrate. Therefore,
applicants theorize that nucleation did not occur on the
silicon substrate directly, but rather on top of the inter-
facial film.

Along these lines, a schematic summary of a nucle-
ation model, which applicants propose without wishing
to be bound thereto, is shown in FIGS. 18A-18F. Be-
fore biasing begins, there is both adsorbed oxygen 90
and amorphous carbon 91 present on the silicon sub-
strate 60 surface (FIG. 18A). The adsorbed carbon is
then either etched away or converted to Si-C 92 and the
physisorbed oxygen is converted into Si-O 93 (FIG.
18B). As biasing continues, the oxide is etched as the
Si-C islands 92 continue to grow. Preferential etching of
the silicon from the Si-C, and/or continued high flux of
carbon to the surface creates an excess concentration of
carbon 94 on the surface (FIG. 18C). As the local car-
bide islands reach a critical thickness, such that the
continued carbide growth is unlikely, the excess carbon
on the surface becomes free to form small clusters.
Surface mobility of the carbon may be enhanced by the
bombardment during the biasing. Some of the clusters
become favorable for diamond 95 nucleation (FIG.
18D). ‘As niost of the carbide reaches a critical thick-
ness, about 90 A, more free carbon becomes available to
form other diamond nucleation sites, and thus a greater
number of diamond nuclei are shown in FIG. 18E. As
biasing continues, there is ongoing etching of the sur-
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face, but not the more stable diamond nuclei, and ad-
sorption of carbon. This local eiching creates a rougher
SiC surface. If silicon is preferentially etched from the
carbide, increasing the carbon concentration in that
region, then nucleation clusters may actually form on
thinner areas of the carbide. The etching, cluster forma-
tion, and diamond nucleation continue until the surface
is eventually covered with diamond nuclei as shown in
FIG. 18F.

EXAMPLE 6

In this example, textured diamond growth was
achieved on (001) 8-SiC substrates using an apparatus
similar to that shown in FIGS. 1A and 1B. Prior at-
tempts to grow diamond on on-axis and off-axis 8-SiC
have been unsuccessful and typical scratching with
diamond powder was required in order to obtain signifi-
cant nucleation. The present results were obtained by
pretreating the substrate as described above followed
by standard microwave plasma CVD. Using the bias-
enhanced nucleation pretreatment according to the
present invention, (001) textured diamond particles
were grown that were also azimuthally aligned relative
to the substrate.

Diamond was deposited on 1 inch (001) B-SiC films
that were grown epitaxially in a separate reactor on
(001) Si substrates using conventional CVD techniques.
The B-SiC films (45 pm thick) were prepared by pol-
ishing down the surface roughness with 0.1 pm
diamond paste and then oxidizing in O3 at 1200° C. to
remove the polishing damage. Just prior to insertion
into the CVD growth chamber, the oxide was stripped
using a 10:1 mixture of HF:DI-H,0 followed by a DI
water rinse and drying with nitrogen.

The pretreatment and growth parameters are out-

lined in Table 7 below.
TABLE 7

PARAMETER PRETREATMENT GROWTH
CH4/H3 (%) 2% 0.5%
Flow Rate (scom) 1000 1000
Power (watts) 550 600
Pressure (torr) 15 25
Distance from Plasma (cm) immersed 1cm
Substrate Temperature (°C.) 650 650-700
Bias, Voltage, Current —250,100-150 floating
(V’ mA)
Time (hrs) 0.5 10,35,50

The pretreatment consisted of electrically biasing the
substrate holder for 30 minutes at —250 volts while it
was immersed in a 2% methane-in-hydrogen plasma.
The pressure was 15 torr, the microwave power was
600 watts, and total flow rate was 1000 sccm. The sub-
strate temperature was approximately 650° C. and the
resulting current was 100-150 mA, collected through
the substrate holder with a top surface diameter of 1.5
inches.

After the 30 mimute pretreatment, the voltage was
turned off, and the substrate was moved to a position
approximately 1 cm from the edge of the plasma. The
methane concentration was reduced to 0.5%, the pres-
sure increased to 25 torr, and the temperature was main-
tained at 650°-700° C. These growth conditions resulted
in high quality diamond films with little secondary nu-
cleation and modest growth rates of approximately 0.05
pm/hour.

A B-SiC sample was grown on under the above con-
dition for 10, 35, and 50 hours and then subsequently



5,397,428

21

analyzed following each growth period. Scanning elec-
tron microscopy (SEM), and Raman spectroscopy were
used to characterize the diamond on SiC. After the
analysis, the sample was rinsed with DI water, blown
dry with nitrogen and then reinserted into the chamber
for continued growth. In this manner, changes in the
_ morphology and texture of the diamond could be ob-
served with increased deposition time.

FIGS. 19A-19C show SEM micrographs taken at the
center, between the center and the edge, and at the
edge, respectively. The arrows, pointing in the SiC
<110> direction show that over 50% of the diamond
particles on the surface are both textured with (001)
faces parallel to the SiC (001) and azimuthally aligned
to within 3°, with the diamond < 110> parallel to the
< 110> of SiC. The micrographs also depict the nonu-
niformity of the diamond deposition. This was most
likely due to the relatively short length of the pretreat-
ment which was only 0.5 hours. In other examples, a
pretreatment of at least 1 hour was required to achieve
uniform nucleation on a silicon substrate.

FIG. 20 shows a schematic representation of an ori-
ented diamond particle 70 on the SiC substrate 60.
Higher growth in the <110> than in the <110> has
made the top (001) face rectangular rather than square.
FIG. 21 shows an SEM taken at 45°, indicating that the
(111) are the most stable, slowest growing planes and
are, therefore, the largest.

Micro-Raman spectroscopy was performed on the
sample after 50 hours of growth in the center region (a),
the region between the center and the edge (b), and the
edge region (c) as illustrated in the graph of FIG. 22.
The spectra show that the diamond is of high quality
with an undetectable graphitic component. Also ob-
servable are the SiC peaks at 796 and 973 cm—1.

Applicants theorize without wishing to be bound’

thereto that the biasing pretreatment according to the
invention has played an important role in enhancing the
nucleation on the B-SiC substrate without significantly
damaging the surface so as to destroy its crystallinity.
As described above, bias enhanced nucleation process
via in vacuo surface analysis and TEM indicated that
diamond nucleation on silicon was preceded by the
formation of an interfacial carbide film covered with a
very thin (5-10 A) non-diamond carbon film. It was also
found that the biasing process removed oxide and sup-
pressed oxide formation on the surface. Since an amor-
phous oxide will have deleterious effects on hetero-
epitaxial nucleation, this oxide removal is believed to be
an important factor in the promotion of the present
heteroepitaxial nucleation and growth. Attempts to
fully remove the oxide from both SiC and Si wafers
without biasing proved unsuccessful, thus suggesting
that original failures to achieve the heteroepitaxial nu-
cleation of diamond on SiC may have been in part due
to the inability to remove the surface oxide.

In the present study, the reduction in pretreatment
time (from 1.5 hours in the previous study to 0.5 hours
here) was believed to have minimized the surface dam-
age while still creating sufficient nucleation via the
impingement of carbon ions from the plasma. Appli-
cants theorize that in conjunction with the oxide sup-
pression, this has allowed the heteroepitaxial nucleation
and growth of diamond on SiC in the present study.

This example illustrates that textured and locally
heteroepitaxial diamond can be grown on (100) 8-SiC
substrate. Based on SEM observations, approximately
50% of the diamond nuclei are textured with the (001)
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parallel to the SiC substrate and are aligned azimuthally
within 3°. The biasing pretreatment is theorized by the
applicants to enhance the nucleation without damaging
the substrate, thus allowing areas of limited epitaxy to
occur.

Many modifications and other embodiments of the
invention will come to the mind of one skilled in the art
having the benefit of the teachings presented in the
foregoing descriptions and the associated drawings.
Therefore, it is to be understood that the invention is
not to be limited to the specific embodiments disclosed,
and that modifications and embodiments are intended to
be included within the scope of the appended claims.

That which is claimed is:

1. A method for pretreating a substrate for the
growth of a diamond film thereon, the method compris-
ing the steps of:

providing a diamond film adjacent the substrate such

that the diamond film and the substrate are rela-
tively positioned to both be exposed to a carbon-
containing plasma; and

electrically biasing the diamond film while exposing

both the substrate and the thus biased diamond film
to the carbon-containing plasma to thereby pro-
duce a high diamond nucleation density of the
substrate.

2. A method according to claim 1 further comprising
the step of electrically biasing the substrate while expos-
ing both the thus biased substrate and the thus biased
diamond film to the carbon-containing plasma.

3. A method according to claim 1 wherein the sub-
strate is positioned on a substrate holder, and wherein
the step of providing the diamond film adjacent the
substrate comprises the step of forming the diamond
film on 2 portion of the substrate holder.

4. A method according to claim 3 wherein the step of
electrically biasing the diamond film comprises electri-
cally biasing the substrate holder.

5. A method according to claim 4 wherein the step of
electrically biasing the substrate holder comprises bias-
ing same at a peak absolute value of not less than about
250 volts negative with respect to ground.

6. A method according to claim 5 wherein the step of
exposing both the substrate and the diamond film to the
carbon-containing plasma gas comprises exposing both
the substrate and the diamond film to the carbon-con-
taining plasma gas for a period of time in the range of
about 1 hour to 2 hours.

7. A method according to claim 1 wherein the step of
exposing both the substrate and the diamond film to the
carbon-containing plasma comprises exposing both the
substrate and the diamond film to the carbon-containing
plasma having an atomic percentage of carbon of not
more than about 0.3 atomic percent.

8. A method according to claim 7 wherein the step of
exposing both the substrate and the diamond film to the
carbon-containing plasma gas comprises exposing both
the substrate and the diamond film to a methane gas
plasma mixture having a percentage of methane of not
more than about 5 percent by weight.

9. A method according to claim 1 further comprising
the steps of monitoring the reflectivity of the substrate,
and discontinuing the electrical biasing responsive to a
change in reflectivity of the substrate indicative of the
start of growth of a diamond film on the substrate.

10. A method according to claim 1 further compris-
ing the step of maintaining the pressure of the carbon-
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containing plasma in the range of about 1 torr to 100
torr.

11. A method according to claim 1 further compris-
ing the step of maintaining the temperature of the sub-
strate and the diamond film in the range of about 350° C
to 1000° C.

12. A method for pretreating a substrate for the
growth of a heteroepitaxial diamond film thereon, the
method comprising the steps of:

forming a surface film on a substrate of a non-

diamond material having a relatively close lattice
match to diamond;
providing a diamond film adjacent the substrate sur-
face film such that the diamond film and the sub-
strate surface film are relatively positioned to both
be exposed to a carbon-containing plasma; and

pretreating the substrate surface film by electrically
biasing the diamond film while exposing both the
substrate surface film and the thus biased diamond
film to the carbon-containing plasma.

13. A method according to claim 12 wherein the
non-diamond material of the substrate is selected from
the group consisting of refractory metals and their car-
bides, cubic-boron nitride, a-silicon carbide, 8-silicon
carbide, copper, and nickel.

14. A method according to claim 13 further compris-
ing the step of electrically biasing the substrate surface
film while exposing both the thus biased substrate sur-
face film and the thus biased diamond film to the car-
bon-containing plasma.

15. A method according to claim 12 wherein the
substrate is positioned on a substrate holder, and
wherein the step of providing the diamond film adja-
cent the substrate surface film comprises the step of
forming the diamond film on a portion of the substrate
holder.

16. A method according to claim 15 wherein the step
of electrically biasing the diamond film comprises elec-
trically biasing the substrate holder.

17. A method according to claim 16 wherein the step
of electrically biasing the substrate holder comprises
biasing same at a peak absolute value of not less than
about 250 volts negative with respect to ground.

18. A method according to claim 17 wherein the step
of exposing the substrate surface film and the diamond
film to the carbon-containing plasma comprises expos-
ing the substrate surface film and the diamond film to
the carbon-containing plasma for a period of time of not
more than about 0.5 hours.

19. A method according to claim 12 wherein the step
of pretreating the substrate surface film is performed in
an evacuable chamber, and wherein the step of forming
the substrate surface film comprises depositing the sub-
strate surface film in situ in the evacuable chamber.

20. A method according to claim 12 wherein the step
of exposing both the substrate surface film and the
diamond filin to the carbon-containing plasma com-
prises exposing both the substrate surface film and the
diamond film to the carbon-containing plasma having
an atomic percentage of carbon of not more than about
0.3 atomic percent.

21. A method according to claim 20 wherein the step
of exposing both the substrate surface film and the
diamond film to the carbon-containing plasma gas com-
prises exposing both the substrate surface film and the
diamond film to a methane gas plasma mixture having a
percentage of methane of not more than about 5 percent
by weight.
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22. A method according to claim 12 further compris-
ing the steps of monitoring the reflectivity of the sub-
strate surface film, and discontinuing the electrical bias-
ing responsive to a change in reflectivity of the sub-
strate surface film indicative of the start of growth of a
diamond film on the substrate surface film.

23. A method according to claim 12 further compris-
ing the step of maintaining the pressure of the carbon-
containing plasma in the range of about 1 torr to 100
torr.

24. A method according to claim 12 further compris-
ing the step of maintaining the temperature of the sub-
strate surface film and the diamond film in the range of
about 350° C. to 1000° C.

25. A method according to claim 12 further compris-
ing the steps of polishing the substrate surface film,
oxidizing the thus polished film to remove polishing
damage, and stripping the oxide from the film to pre-
pare same for the pretreating step.

26. A method for forming a diamond film on a mirror
finish substrate, said method comprising the steps of:

providing a first diamond film adjacent the mirror

finish substrate such that the first diamond film and
the mirror finish substrate are relatively positioned
to both be exposed to a carbon-containing plasma;
pretreating the mirror finish substrate by electrically
biasing the first diamond film while exposing both
the mirror finish substrate and the thus biased first
diamond film to the carbon-containing plasma; and
growing a second diamond film on the thus pre-
treated mirror finish substrate while monitoring a
relatively smooth growth surface of the second
diamond film by laser reflection interferometry.

27. A method according to claim 26 further compris-
ing the step of electrically biasing the mirror finish
substrate while exposing both the thus biased mirror
finish substrate and the thus biased first diamond film to
the carbon-containing plasma.

28. A method according to claim 26 wherein the
mirror fmish substrate is positioned on a substrate
holder, and wherein the step of providing the first
diamond film adjacent the mirror finish substrate com-
prises the step of forming the first diamond film on a
portion of the substrate holder.

29. A method according to claim 28 wherein the step
of electrically biasing the first diamond film comprises
electrically biasing the substrate holder.

30. A method according to claim 29 wherein the step
of electrically biasing the substrate holder comprises
biasing same at a peak absolute value of not less than
about 250 volts negative with respect to ground.

31. A method according to claim 26 wherein the step
of exposing both the mirror finish substrate and the first
diamond film to the carbon-containing plasma comn-
prises exposing both the mirror finish substrate and the
first diamond film to a carbon-containing plasma having
an atomic percentage of carbon of not more than about
0.3 atomic percent.

32. A method according to claim 31 wherein the step
of exposing both the mirror finish substrate and the first
diamond film to the carbon-containing plasma com-
prises exposing both the mirror finish substrate and the
first diamond film to a methane gas plasma mixture
having a percentage of methane of not more than about
5 percent by weight.

33. A method according to claim 26 wherein the step
of growing the second diamond film on the pretreated
mirror finish substrate comprises growing the second
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diamond film by chemical vapor deposition, and further
comprising the step of controlling the chemical vapor
deposition responsive to monitoring the relatively
smooth growth surface of the second diamond film by
laster reflection interferometry to achieve at least one of
a desired growth rate and a desired quality of the sec-
ond diamond film.

34. A method according to claim 26 further compris-
ing the steps of monitoring the surface of the substrate
by laser reflection interferometry during the pretreating
step, and discontinuing the electrical biasing responsive
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to a change in the reflectivity of the substrate indicative
of the start of growth of the second diamond film.

35. A method according to claim 26 further compris-
ing the step of maintaining the pressure of the carbon-
containing plasma in the range of about 1 torr to 100
torr.

36. A method according to claim 26 further compris-
ing the step of maintaining the temperature of the mir-
ror finish substrate and the first diamond film in the
range of about 350° C. to 1000° C.
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