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An in-depth study has been performed of the nucleation of diamond on silicon by bias-enhanced mi-

crowave plasxna chemical vapor deposition. Substrates were pretreated by negative biasing in a 2%
methane-hydrogen plasma. The bias pretreatment enhanced the nucleation density on unscratched sil-

icon wafers up to 10" cm ' as compared with 10' cm on scratched wafers. In vacuo surface analysis

including x-ray photoelecton spectroscopy (XPS), Auger electron spectroscopy, and coxnbined XPS and
electron-energy-loss spectroscopy were used to study systematically both the initial-nucleation and

growth processes. High-resolution cross-sectional transmission electron microscopy (TEM) was used to
study the physical and structural characteristics of the diamond-silicon interface as well as to comple-
ment and enhance the in vacuo surface-analytical results. Raman spectroscopy confirxned that diamond

was actually nucleating during the bias pretreatment. Scanning electron microscopy has shown that
once the bias is turned off, and conventional growth is conducted, diaxnond grows on the existing nuclei

and no continued nucleation occurs. If the bias is left on throughout the entire deposition, the resulting

film will be of much poorer quality than if the bias had been turned off and conventional growth allowed

to begin. Interxnittent surface analysis showed that a coxnplete silicon carbide layer developed before di-

amond could be detected. High-resolution cross-sectional TEM confirmed that the interfacial layer was
0

amorphous and varied in thickness from 10 to 100 A. A small amount of amorphous carbon is detected
on the surface of the silicon carbide and it is believed to play a major role in the nucleation sequence. A

model is proposed to help exp1ain bias-enhanced nucleation on silicon, in hopes that this will improve

the understanding of diamond nucleation, in general, and eventually result in the nucleation and growth
of better-quality diamond films.

I. INTRODUCTION

With its large band gap and a unique combination of
properties, diamond is regarded as the most suitable can-
didate for many applications, ranging from wear-resistant
coatings and optical windows for visible and infrared (ir)
transmission to high-temperature electronic devices.
Currently, diamond synthesis from the vapor phase un-
der low pressure is routinely achieved by more than ten
different methods. However, despite rapid progress, the
mechanism(s) for diamond nucleation onto nondiamond
substrates remains unknown. The understanding of nu-

cleation phenomena appears to be essential for achieving
heteroepitaxy of diamond, which is necessary for exploit-
ing the potential of diamond electronic devices. It would
also be extremely bene6cial in controlling the microstruc-
ture and surface morphology of diamond coatings for
various applications.

Since the time when diaxnond growth from the vapor
phase was achieved at reasonable growth rates, ' " it has
been a subject of argument as to whether diamond nu-
cleation occurs in the gas phase (homogeneous nu-
cleation) or on the substrate surface (heterogeneous nu-
cleation). Fedoseev et al. presented theoretical argu-
ments, based on the classical nucleation theory, that
homogeneous nucleation is possible. Furthermore, dia-
mond powders have been collected directly from the gas

phase, ' which provides proof that such a nucleation
process does exist. Nevertheless, the number of diamond
particles collected from the gas phase was very small
compared with the usual nucleation density (number of
particles/cm ) observed on a substrate surface. Further-
more, homogeneous-nucleation mechanisms cannot solely
account for the large variety of nucleation densities ob-
served on different substrate materials and that result
from various surface pretreatments.

Several hypotheses for heterogeneous diamond nu-
cleation onto foreign substrates have also been made,
most of them based on experimental observation. It is
well known that the diamond-nucleation density may be
increased by several orders of magnitude by simply
scratching or abrading the substrate surface prior to plac-
ing it into the growth chamber. Bachmann et aI. ' '
postulated that residual diamond particles left on the sur-
face from the scratching medium acted as diamond-
nucleation sites. This is based on the fact that diamond
will tend to nucleate preferentially on the diamond seeds,
thus resulting in discrete homoepitaxy of diamond. Re-
cently, Iijima, Aikawa, and Baba' ' provided direct ob-
servation by high-resolution transmission electron mi-
croscopy (HRTEM) of diamond nucleation on "diamond
seeds" left from the scratching process. However, abrad-
ing the substrate with nondiamond abrasives such as cu-
bic boron nitride (cubic BN), ' silicon carbide, ' and
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stainless steel' has also yielded high nucleation densities.
Furthermore, the diamond-nucleation density may be
enhanced by nonabrasive surface pretreatments, such as
the predeposition of carbonaceous layers of diamondlike
carbon (DLC) or even oil residue. ' Another tech-
nique for nucleation enhancement, which has been em-
ployed in the experiments presented here and will be dis-
cussed in greater detail in a later section, is to simply bias
the substrate negatively while immersed in a methane-
hydrogen plasma. ' Based on the variety of techniques
used for the nucleation enhancement of diamond,
presented above, it is the belief of the authors that the
"diamond-seeding" hypothesis, although it has its merit
and experimental evidence, is not the dominant mecha-
nism for diamond nucleation from the gas phase.

Diamond nucleation is also favored on prominent
features of the substrate surface, that is, surface morpho-
logies that protrude with sharp edges or points, as op-
posed to valleys or flats. Such features are created by
scratching or etching before or during the growth. Den-
nig and Stevenson ' observed selected growth on chem-
ically etched surfaces, and Kirkpatrick, Ward, and
Economou used sputtered crater arrays as a means of
selected-area nucleation. It has been speculated that the
total free energy of a diamond embryo is lowered by
securing some minimized contact area with the substrate,
thereby favoring a nucleation event at these morphologi-
cal features. Since high diamond-nucleation densities can
also be achieved with pretreatments that result in ma-
croscopically smooth surfaces, such as with oil residues,
it is believed that the "sharp-edge" mechanism should
play a relatively minor role. Scratching is also believed to
create a high surface-defect density, which will in turn
act as favorable nucleation sites. However, despite exten-
sive TEM work, to date there has been no direct observa-
tion to support this defect-related nucleation theory.

Experimental data suggest that diamond nucleation on
nondiamond substrates is promoted by a stable carbona-
ceous precursor. This speculation is based on the fact
that higher surface carbon concentration has been ob-
served via both surface- ' ' ' ' and bulk-sensitive tech-
niques ' on substrate surfaces pretreated with many of
the nucleation-enhancing processes discussed above. The
understanding of the nature and origin of such carbona-
ceous nucleation promoters created during a bias pre-
treatment is one of the major goals of the current
research.

Interface chemistry was thought to play an important
role in the diamond-nucleation process. Williams, As-
bury, and Glass ' observed an interfacial P-SiC layer
between the silicon substrate and diamond film grown at
0.3%%uo methane by cross-sectional TEM (XTEM) and
again by x-ray photoelectron spectroscopy (XPS). Since
then, carbide formation on various substrates has been
observed prior to diamond nucleation and growth by
many other researchers with electron and x-ray
diffraction, as well as in vacuo surface-analytical tech-
niques. Joffreau, Haubner, and Lux ' performed a
systematic study of diamond growth on refractory metals
(all are carbide formers) and observed that diamond nu-

cleation occurred only after the formation of a thin car-

bide layer. They subsequently postulated that the
difference in diamond-nucleation density, as observed on
the various substrates, was related to the diffusivity of
carbon in the respective carbide. However, attempts in
the authors' laboratory to grow diamond on untreated
bulk SiC substrates did not yield high nucleation densi-
ties, thus suggesting that carbide formation may only

play an intermediate or secondary role. Others have re-
ported favorable growth on SiC, ' ' with nucleation den-
sities only a few times greater than on untreated silicon.
The importance of the carbide surface condition (order or
disorder, stochiometric or nonstochiometric?) and the ex-
act role that it plays in the promotion of diamond nu-
cleation are thus unclear, although data presented in this
study should help to alleviate some of this uncertainty.

Other noncarbide carbonaceous nucleation promoters
have been postulated as well. Belton and co-workers ob-
served, via in vacuo surface-analytical techniques, that di-
amond nucleation on platinum occurred on a surface that
was mostly covered with a thin ( I —3-monolayer) layer of
hydrocarbons. ' They also found that disordered
graphite formed prior to diamond nucleation on a nickel
substrate. Angus et al. have also speculated that
graphite may act as a diamond-nucleation precursor
based on experiments where diamond nucleation was
enhanced by the sprinkling of nonoriented graphite
powders onto unscratched substrates. Rudder et al.
achieved a similar result from treating the surface with
graphite fibers. Ravi et al. observed that diamond nu-

cleation could be enhanced by predepositing a layer of
DLC in both combustion-flame and dc glow-discharge
plasmas. ' ' However, the actual nature of this DLC
layer was never defined or well characterized, and other
attempts to grow diamond on sputtered amorphous car-
bon and DLC have been unsuccessful in promoting high
nucleation densities. ' The discrepancy and diversity
in the possible nucleation mechanisms presented above
point to the need for a better understanding of the
diamond-nucleation process. If the nature (structure and
chemistry) and formation mechanism of this nucleation
precursor can be identified, the nucleation of diamond
from the vapor phase may then be more easily controlled
and the deposition processes better tailored toward
specific applications.

The purpose of the current research was to study sys-

tematically the nucleation of diamond on silicon
enhanced via a predeposition biasing. To simplify and
possibly reduce the number of active nucleation mecha-
nisms, no ex situ pretreatments were employed. High nu-

cleation densities on mirror-finished silicon were obtained
via an in situ pretreatment that involves the deposition of
an intermediate carbon layer by negatively biasing the
substrate. Such a pretreatment method is very suitable
for the study of diamond nucleation since it does not in-

volve any scratching by diamond abrasives, therefore
avoiding the confusion caused by the possibility of residu-

al diamond seeds acting as nucleation sites. The chemical
composition and structure of this intermediate carbon
layer was characterized thoroughly via several in vacuo
surface-analytical techniques including XPS, Auger elec-
tron spectroscopy (AES), and surface electron-energy-loss
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spectroscopy (EELS), as well as high-resolution XTEM,
scanning electron microscopy (SEM), and Raman spec-
troscopy. The information presented in this study should
significantly improve the current understanding of the
diamond-nucleation process by providing strong evidence
of a dominant diamond-nucleation mechanism under the
conditions employed.

II. EXPERIMENTAL DETAILS

A. In vacuo chemical-vapor-deposition
and analytical chambers

All samples used in this study were both grown and an-
alyzed in the in vacua chemical-vapor-deposition (CVD)
and surface-analytical chamber shown in Fig. 1. This ap-
paratus consists of a microwave plasma CVD reactor (A
in Fig. 1) and a multitechnique surface-analytical
chamber (B in Fig. 1) that are joined via a transfer tube
(C in Fig. 1). All samples are initially introduced into the
system via a central load lock (D in Fig. 1), which is iso-
lated from the transfer tube via a gate valve and may be
evaluated to 5X10 Torr by a separate turbopump.
With this arrangement the samples may be transferred
back and forth between the CVD and analytical
chambers without being exposed to atmospheric contam-
ination.

The microwave plasma CVD reactor (A in Fig. 1) con-
sists of a 6-in. -inner-diameter stainless-steel chamber
made by Applied Science Technology, Inc. (ASTeX) (A
in Fig. 1). The power supply used was an ASTeX S-1000,
2.45-GHz microwave supply with a rectangular
waveguide that is coupled to the cylindrical growth cavi-
ty. The substrate holder is a fully retractable,
differentially pumped tantalum heater that may be used
to control the substrate temperature independently of the
plasma power. During processing, the growth chamber
is pumped by a roots blower followed by a process
mechanical pump. The chamber is ultrahigh vacuum
(UHV) compatible and can be evacuated to a base pres-
sure of 1X10 Torr by the attached turbopump. The
substrate temperature is measured by an infrared pyrom-

eter through a viewpoint normal to the substrate. The
growth rate as well as the initial-nucleation process may
be monitored in situ via laser-reflection interferometry
(I RI)"

The analytical chamber (B in Fig. 1) is equipped with a
Riber Mac2, semidispersive, electron analyzer which is
used for both x-ray photoelectron spectroscopy and
Auger electron spectroscopy. The x-ray source is a Riber
dual-anode, Mg and Al, source. The electron source used
for AES is a VG LEG61 electron gun, which is typically
run at 3 kV and 200 pA emission. Acquisition of the
XPS and AES spectra was achieved via an IBM PC/AT
microcomputer. The XPS spectra for this study, ob-
tained using Mg Ea, were acquired in the pulse-counting
mode using a Riber pulse counter. For AES the analyzer
was modulated at 8 kHz and the differential spectra were
obtained using a lock-in amplifier.

B. Test of biasing effects on nucleation

The in situ biasing pretreatment is performed while the
substrate is immersed in a methane-hydrogen plasma.
Under standard growth conditions the holder-heater ar-
rangement is isolated from ground (floating). The biasing
pretreatment simply involves placing a negative dc bias
(approximately 250 V) on the substrate relative to ground
(Fig. 2). The substrate holder is approximately 1.5 in. in
diameter, and the resulting current ranges from 100 to
200 mA. For a 1-cm substrate, the resulting current flux
is calculated to be approximately 15 mA/cm2. The
heater is a tantalum filament surrounded by, and isolated
from, a welded 0.04-in. -thick tantalum can that is
differentially pumped as described above. The sample
holder is made of molybdenum and is designed to fit on
the end of the tantalum can. The tantalum can is con-
nected to a single feedthrough to which the dc bias is
connected (Fig. 2).

C. Surface-analytical series versus bias time

This series was designed to observe systematically the
nucleation process by intermittently stopping the bias
pretreatment to study the chemical species on the sur-
face. It has been previously documented that biasing

A CVD Chamber
B Analytical
C Transfer Tube
D Load Lock

Photo-
Prism

Waveguide

Substrate Substrate
Holder Heater

Tantalum
Heater

Enclosure

c(o g

o,,Q, 0oo~ $QQ

He-Ne
Laser

Laser Reflection
Interferometry

Setup

Plasma Bias
Voltage

To Process
Pumps

FIG. 1. In uacuo chemical-vapor-deposition and surface-
analytical chamber.

FIG. 2. CVD chamber showing in situ laser-reflection inter-
ferometry and substrate-biasing arrangements.
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enhances the nucleation of diamond on silicon, yet the
actual mechanism for this enhancement was not clearly
understood. For this study a series of biasing pretreat-
ments was interrupted at set intervals and then analyzed
in Uacuo to observe the changes in the surface chemistry
that result. Table I outlines the experiments run and
analyses performed for this pretreatment series.

From undoped silicon wafer s, 1-cm samples were
prepared. They were subsequently ultrasonically cleaned
in trichloroethylene (TCE), acetone, methanol, and 2-
propanol and then rinsed in de-ionized (DI) water. Just
prior to insertion into the load lock, they were dipped for
1 min into a 1:10mixture of hydrofluoric acid in DI wa-
ter to remove any existing native oxide, rinsed in DI wa-
ter, and then blown dry with nitrogen. This procedure
was designed to ensure minimal surface oxidation and hy-
drocarbon contamination on each of the samples used for
this series.

The surface-analytical and biasing series was per-
formed as follows. The substrates were biased at —250
V, immersed in a 2% methane in hydrogen plasma. The
total How rate was 1000 sccm, the net microwave power
was maintained at 600 W, and the pressure was 15 Torr.
Separate samples were biased for 1, 5, 15, 30, 60, 90, and
120 min. The plasma and bias were then shut off, the
growth chamber was rapidly evacuated to 1X10 Torr,
and the sample was subsequently transferred to the
surface-analytical chamber. In the analytical chamber,
XPS, XPS EELS, and AES were performed on each of
the samples in this series. An as-inserted sample was also
analyzed to observe the species present on the surface be-
fore the biasing pretreatment was initiated.

D. Analytical series versus growth time (after a 1-h bias)

The previous experimental series was designed to study
the creation of nucleation sites. The present series was
intended to observe and distinguish between the develop-
ment of the nuclei and the growth of diamond on the ex-
isting sites. Table II outlines the experiments and
analysis performed for this growth and analytical series.

The substrates were prepared identically to those in the
preceding section. The samples were then biased for 1 h
under the conditions described above. At the end of the
biasing, the voltage was turned off, the bias leads were

disconnected, leaving the substrate fioating, the methane
concentration was reduced to l%%uo at 1000 sccm of hydro-
gen, the pressure was increased to 25 Torr, and the sub-
strate was moved to a distance of about 0.5 cm from the
plasma. These experimental conditions are those that
have been proven in the past to grow high-quality dia-
mond films. Samples were grown under these condi-
tions for 0.75, 1.0, 2.0, and 5 h, the plasma was then
turned off, the chamber pumped down, and the samples
were transferred into the analytical chamber for surface
analysis as described above.

E. Transmission electron microscopy

Cross-sectional transmission-electron-microscopy im-
aging in both conventional and high-resolution modes
was used to confirm and expand on observations made by
surface analysis via direct observation of nucleation sites
and the resulting interface between the diamond and sil-
icon. XTEM was performed on the samples that were
biased for 1 and 2 h and then further grown for 5 h.
Therefore the interface observed would represent that
which was intermittently analyzed using XPS, AES, and
XPS EELS during the growth series outlined above. It
has been difficult to observe the actual nuclei in TEM be-
cause of low diamond-nucleation densities even by
scratching pretreatments. Past observations may be in-
conclusive because the actual nucleation sites may not be
included in the region of the TEM thin specimen exam-
ined. However, the present biasing pretreatment has
made it possible to obtain very high nucleation densities;
thus the probability of observing an actual diamond nu-
clei has been dramatically increased.

XTEM specimens were prepared by special mechanical
thinning and ion-milling methods, described else-
where. ' The specimens were examined in a Philips
EM 430 T analytical electron microscope (AEM) operat-
ed at 300 kV and in a Philips EM 400 AEM, which is
equipped with a field-emission gun (FEG) and Gatan
parallel-detection electron-energy-loss spectroscope,
operated at 100 kV. High-resolution transmission elec-
tron microscopy was performed on a JEOL 4000 EX
electron microscope operated at 400 kV, with a resolu-
tion of 1.8 A.

TABLE I. Sample bias times and analysis performed during analytical series of nucleation during
the biasing pretreatment.

Bias time XPS or AES
Analysis performed

XPS EELS Raman spectroscopy SEM TEM

Before bias
1 min
5 min
15 min
30 min
1 h
1.5 h

2.0 h

X
X
X
X
X
X
X
X

X
X
X
X
X
X

X
X

X
X
X
X
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TABLE II. Sample bias or growth times and analysis performed during the analytical series study of
growth after a bias pretreatment.

Analysis performed
Bias or growth

time
(h/h)

1.0/0.0
1.0/0. 75
1.0/1.0
1.0/2. 0
1.0/5. 0

XPS or AES

X
X
X
X
X

XPS EELS

X
X
X
X
X

Raman spectroscopy

X

SEM

X
X
X

TEM

III. RESULTS

A. Biasing results

Figure 3 shows SEM micrographs of diamond grown
by microwave plasma CVD on (a) a Si wafer that was
scratched with 0.25-pm diamond paste and (b) a pristine
Si wafer that was pretreated by biasing. Both samples
were further grown for 5 h under identical conditions.
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The Raman spectra from both the scratched and biased

samples are shown in Fig. 4. The smaller diamond peak
and larger background observed from the biased sample
are indicative of films with higher nucleation densities
and a larger number of grain boundaries. ' ' The sam-
ples prepared by biasing were found to produce nu-
cleation densities up to 10" cm, depending upon pre-
treatment time. This is contrasted with the scratched Si
and pristine Si nucleation densities of 10 and 10 cm
respectively. Nucleation on the untreated Si wafer was
too low to measure, but a comparison with published nu-
cleation densities of 10 —10 cm (Refs. 23 and 41)
shows that the biasing technique has a pronounced affect
on nucleation and is thus deserving of a more in-depth
study.

B. Surface-analytical series versus bias time

The carbon ls core-level peak [Fig. 5(a)) was observed
using XPS, as a function of bias time, of which the quan-
titative analysis is shown in Table III. The silicon sub-
strate was found to have a small amount of carbon con-
tarnination on it before biasing began. This carbon con-
tarnination has been observed previously by other
researchers and was found, in the present experi-
ments, to either be removed or converted into SiC in the
first 5 min of biasing. From 5 min to 1 h the majority of
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1332
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FIG. 3. SEM micrographs of samples grown under various
pretreatments: (a) silicon wafer scratched with 0.25-pm dia-
mond powder and (b) pristine silicon wafer biased on a (2%
methane)-in-hydrogen plasma at —250 V for 1 h.
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FIG. 4. Raman spectra of diamond grown on (a) scratched
and (b) biased substrates shown in Figs. 3(a) and 3(b), respective-
ly.
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FIG. 5. XPS analysis as a function of bias-pretreatment time:
(a}carbon 1s and (b} silicon 2p peak progressions.

the carbon on the surface has a binding energy of 282.8
eV and is assigned to Si-C bonding. Deconvolution of the
C 1s peaks shows that a smaller peak, approximately
20%, exists at 284.3 eV, which is characteristic of C-C
bonding. The origin and structure of this excess C-C
bonding is unclear as is its effect on the nucleation densi-
ty.

It is unlikely that the C-C peak could represent dia-
rnond since such a large difference in nucleation density is
observed (spanning several orders of magnitude) for
biases of 5 min to 1 h. The fact that the relative percen-

TABLE III. Quantification of species on the surface at vari-
ous bias times as calculated from XPS peak-area ratios and rela-
tive sensitivity factors.

Bias time

0.0 h

5 min
15 min

30 min
1 }1

1.5 h
2.0 h

Carbon ls
peak ratios
Ic-c:Is-c

(C Hyp )

22.78
22:78
20:80
20:80
54 46
90:10

Silicon 2p
peak ratios

Is-s:Is-c (-Is-o}

100.0
44:43:(13)
26:74
20:80

1.99
12:88
11:89

Concentration
ratios

Ãl~[»l

16.84
26-74
32:68
33-67
37 63
48:52
92 08

tage of this peak to the total C 1s is fairly constant at
20% for 5 min to 1 h suggests that it could be on the sur-
face. In fact, a post-biasing sputter with argon in the
analytical chamber was successful in removing the C-C,
resulting in a single Si-C peak at 282.8 eV, thus
confirming that this carbon was confined to the surface.
The possible sources of this carbon could be any one or a
combination of the following: (i) condensation of carbon
from the hydrocarbon species in the gas phase when the
plasma was turned off, (ii) carbon contamination from the
walls of the CVD chamber, or (iii) an excess amount of
carbon on the surface that is a direct result of the biasing
process. The following experiments were performed to
help determine the source of this surface carbon.

When the plasma power is turned off, it is possible that
carbon from the various hydrocarbon species present in
the gas phase may then condense onto the substrate sur-
face. To make sure that this condensation was not re-
sponsible for the excess carbon observed on the carbide
surface, the methane flow was turned off following a 30-
min bias, and the sample was exposed to a hydrogen plas-
ma for 15 min. Surface analysis performed on this sam-
ple revealed that the substrate still contained elemental
carbon in addition to silicon carbide, thus excluding the
condensation of amorphous carbon from the gas phase as
a possible source. Regarding item (ii), if contamination
from the CVD chamber were a possible source of this
carbon, an increase in the observed C-C contamination
would be expected with increased exposure to the CVD
chamber prior to analysis. For the samples observed in
this study, the waiting time before analysis ranged from
15 min to 2 h and no dependence on this time was ob-
served. This suggests that chamber contamination
should be ruled out as a possible source. From these ob-
servations the authors propose that this small amount of
carbon on the surface is caused by the biasing process,
such as excess etching or sublimation of the Si from the
Si-C or an increased flux of hydrocarbon ions to the sur-
face. By exposing SiC to elevated temperatures, van
Brommel, Crombeen, and Tooren showed, using low-
energy electron diffraction (LEED) and AES, that the
surface became carbon rich. They speculated that this
was due to the preferential evaporation of Si from SiC.
In a hydrogen-rich plasma, it is possible that this process
may be accelerated, resulting in the observed supersa-
turation of carbon on the substrate surface. This will be
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discussed further in Sec. IV A.
The Si 2p peak [Fig. 5(b)] was used to observe the

chemical transformation of the silicon substrate as a
function of bias time. Before biasing begins there exists
only a single peak at 99.0 eV, which is representative of
elemental silicon. After just 1 min of biasing, a majority
of the silicon observed has been converted into silicon ox-
ide (102.7 eV). By 15 min of biasing, however, the oxide
has been totally removed and the resulting peak is a mix-
ture of elemental silicon (99.0 eV) and Si-C (100.3 eV).
From 15 min to 1 h of biasing, the Si-C peak steadily in-
creases to nearly 100%, suggesting that it is covering the
silicon substrate. At 1.5 h, corresponding to the sharp in-
crease in the C ls peak at 284.3 eV in Fig. 5(a), there is a
reemergence of the elemental silicon signal at 99.0 eV.
This suggests that etching of the interfacial SiC layer may
be occurring, thereby bringing Si closer to the surface
and causing an increase in the Si signal. By 2 h the C 1s
peak shows over 90/o C-C bonding, and the carbon-to-
silicon ratio is up to over 90% as well, indicating that the
surface is nearly covered with some elemental form of
carbon. This elemental carbon is shown to be diamond

by AES, XPS EELS, and Raman spectroscopy as present-
ed in the following paragraphs.

The XPS series showed that a silicon film develops be-
fore the surface becomes covered with some elemental
form of carbon. Overlayer calculations were performed
on this carbide layer to determine its approximate thick-
ness as a function of bias time. Calculations are based on
an inelastic electron mean free path of 20 A (Ref. 53) and
assume a layer-by-layer growth model ' of the silicon
carbide overlayer for simplicity. The results of these cal-
culations are shown in Table IV. Before biasing there ex-
ists a clean silicon substrate with approximately 4 A of
the amorphous and hydrogenated carbon on the surface.
From 5 min to 1 h, the carbide thickness increases from
approximately 10 to 90 A, while the surface carbon in-
creases slightly from 5 to 10 A. At 1.5 h, concurrent
with the observed increase in the elemental silicon peak,
the carbide thickness drops drastically back down to ap-
proximately 45 A and remains relatively unchanged by 2
h. Some preliminary biasing experiments performed on
single-crystal SiC, in the authors' laboratory, have
confirmed that SiC may be etched under the above condi-
tions.

0.0 h
5 min
15 min
30 min
1 h
1.5 h
2.0 h

12
27
32
90
42
44

4
6
8
8
9

(diamond)
(diamond)

TABLE IV. Overlayer calculations for the biasing pretreat-
0

ment, assuming an inelastic electron mean free path of 20 A and
a layered growth mode for the overlayer.

Si-C layer thickness C-C thickness Si-0 thickness
Bias time (A) (A) (A)

The layer-by-layer approximation used above may re-

sult in a low calculated value for the interfacial carbide
thickness. If the carbide film at 1 h had a uniform thick-
ness of 90 A and the subsequent etching was nonuniform
(i.e., islandlike), then the actual average thickness would

be higher than the 45 A calculated above. There would
still be a decrease in the overall thickness from 1 to 1.5 h,
but not as drastic. To calculate more accurately the actu-
al layer thicknesses, one would have to assume a model
that involved both layer-by-layer and island growth. One
also would have to assume a fraction of the surface
covered by the islands and a ratio of layered to island
growth. So, in the above thickness calculations as well as
those to follow, it is important to observe the qualitative
trends and not the absolute thicknesses reported. A good
review of overlayer-thickness calculations for electron
spectroscopy may be found in Feldman and Mayer.

Since the XPS core-level shifts can only provide chemi-
cal bonding information, C EELS and AES were imple-
mented to help provide information as to the crystalline
structure of the different forms of carbon observed on the
surface during this series. Figures 6(a) and 6(b) display
both standard AES and XPS-EELS spectra taken from
natural type-IIA diamond, sputtered amorphous carbon,
silicon carbide, and highly oriented pyrolytic graphite
(HOPG). The AES fine structure from the bias-time
series [Fig. 7(a)] indicates a transition from hydrogenated
and amorphous carbon that exists on the surface before
biasing begins to SiC by 30 min and then to diamond by 2
h of biasing. There is a subtle change from the 1-h-bias
sample to the 1.5-h case, but without elaborate curve
fitting the exact nature of this change is unclear.

From the XPS-EELS data [Fig. 7(b)], the transition
from SiC to diamond is much more evident. From the
standards shown in Fig. 6(b) and from previously pub-
lished data, ' silicon carbide has a characteristic
bulk plasmon peak at 23 eV and diamond has both bulk
and surface plasmon peaks at 35 and 25 eV, respectively.
Diamond has also been shown to have a weak peak in the
energy range from 14 to 17 eV, which is said to be due to
interband transitions. ' At 0.5 h the spectra clearly
resembles that of SiC, with a single bulk-plasmon peak at
23 eV, and at 2 h resembles diamond with both bulk- and
surface-plasmon peaks at 35 and 25 eV, respectively.
However, at 1.5 h the spectra is a clear mixture of both
diamond and SiC, thus suggesting that some diamond is
present on the surface after 1.5 h of biasing. From this
data it can be concluded that the sharp rise in the C 1s
peak at 284.3 eV after 1.5 h of bias, shown in Fig. 5(a),
was due to an increase in the number of diamond nuclei
on the surface.

To further assure ourselves that the carbon observed
after 1.5 and 2 h of bias was diamond, Raman spectrosco-
py was performed. Because of the relatively low Raman
cross section for diamond, ten scans were performed and
then subsequently superimposed in order to improve the
signal-to-noise ratio. The carbon concentration on the
1.5-h sample was still too low to observe with this tech-
nique; however, the 2.0-h sample (Fig. 8) did produce a
small characteristic diamond peak at 1332 cm '. No
graphitic peaks were observed near 1580 cm '. Since
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graphite has about a 50 times higher Raman cross section
than does diamond, it is highly improbable that the dia-
mond could have nucleated on graphite. If it had nu-
cleated on graphite, a Raman peak at 1580 cm ' would
have been observed for a nucleation density as high as
that obtained here.

SEM micrographs were taken (Fig. 9) at 1-, 1.S-, and
2.0-h bias to see if the diamond could be observed. The
2-h sample showed that the surface was about 90%%uo

covered with diamond particles ranging in sizes from 10
to 60 nm in diameter (within the resolution of the Hitachi
H-5000 field-emission microscope). The nucleation densi-
ty from this sample was observed to be roughly 5 X 10'
cm, with the understanding that there could be parti-
cles less than 10 nm in diameter that could not be ob-
served because of the resolution limit of the microscope
used. The 1.5- and 1.0-h samples showed decreasing nu-
cleation densities, of particles within this same size range,
of 5X10 and 5X10 cm, respectively.

The 30-min sample had a very small number of observ-
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culations revealed that the carbide thickness reached a
maximum of approximately 90 A by 1 h of biasing and
then decreased to near 50 A by 2 h. The surface carbon
was calculated to be approximately 5 A thick at 5 min
and increased to 10 A by 1 h. XPS-EELS and Raman-
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FIG. 8. Raman spectra from sample after 2 h of the bias pre-
treatment.

able nuclei present on the surface; thus it was difficult to
obtain an accurate measure of the nucleation density.
Therefore the nucleation density for the 30-min sample
was determined based on a 30-min bias followed by a 10-
h growth, which produced an approximately 75%%uo com-
plete diamond film. The density of particles on this sam-
ple was measured to be 1X 10 cm . Figure 10 shows a
plot of resulting nucleation density as a function of bias
time. The 0-min-bias sample is based on average values
obtained from the literature for growth on untreated Si
wafers. From these data it is evident that the nucleation
density may be controlled over six orders of magnitude
by varying the length of the bias pretreatment.

Data from AES, XPS EELS, Raman spectroscopy and
SEM, obtained from the bias series, confirm that dia-
mond is nucleating during the biasing pretreatment. Dia-
mond particles may be observed by SEM at as early as 30
min of biasing. Nucleation continues for up to 2 h, at
which time the surface is nearly covered with nuclei no
larger that 80 nm in diameter. This confirms that the
biasing process is actually creating the diamond nuclei, as
opposed to just creating sites that are favorable for dia-
mond nucleation. It is also important to note that if the
bias pretreatment is allowed to continue long after the
nominal 2-h limit, a much poorer-quality diamond film
results, thus suggesting that conditions favorable for nu-
cleation are not so for diamond growth.

In summary of the present section, the in Uacuo
surface-analytical series revealed several important stages
in this diamond-nucleation process. First, there existed
an amorphous nondiamond carbon on the surface before
biasing began. This carbon layer was, within the first 5
min, either etched away or converted into Si-C as a thin
Si-Q layer was also formed. By 15 min of biasing, the Si-
0 layer was completely removed and the majority of the
carbon on the surface was in the form of Si-C. From 5
min to 1 h of biasing, there existed a small surface layer
of carbon, presumably on top of the Si-C. Overlayer cal-

FIG. 9. SEM micrograph of the bias pretreatment after (a)
1.0 h, (b) 1.5 h, and (c) 2.0 h. Magnification scale is the same for
all three.
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the results from surface analysis for this series.
From observing the carbon 1s peak as a function of

growth time [Fig. 11(a)], one notes a steady increase in
C-C bonding (284.3 eV) from when the bias voltage is
turned off and official growth begins, until the substrate is
totally covered with diamond at the 5-h mark. Of special
interest is the progression of the Si 2p peak [Fig. 11(b)].
When the bias is turned off at 1 h, the surface has been al-
most totally converted to SiC. After just 45 min of
growth on this surface, the relative contribution of re-
duced Si to the total Si 2p peak has increased to 10%,
while the carbon-to-silicon ratio has remained nearly con-
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FIG. 10. Plot of nucleation density as a function of bias time.
Nucleation density for 0.0-h-bias time taken from average litera-
ture values for growth on unscratched silicon.

spectroscopy data suggest that it is not graphitic and nu-
cleation results exclude it from being diamond. It is be-
lieved that the Si-C is covered with a thin layer of amor-
phous carbon that has accumulated on the surface as a
result of the biasing environment and that this carbon
may play an important role in the nucleation of diamond
during the bias-pretreatment process as discussed later.

C. Analytical series versus growth time (after a I-h bias)

TABLE V. Quantification of species on the surface at various

growth times for the 1-h-bias pretreatment, as calculated from
XPS peak-area ratios.

Bias or Carbon 1s
growth time peak ratios

(h/h) Ic-c -Is -c

Silicon 2p
peak ratios

Is -s:Is -c (:Is -o )

Concentration
ratios

[cP'[»j

The data presented below were obtained by first biasing
for 1 h and then intermittently performing surface
analysis on the sample after periods of diamond growth
with no biasing, as outlined in Sec. II. The diamond-
growth times are defined as the period of time after the
bias pretreatment has ended. The purpose of this series
was to study the growth of diamond on the pretreated
samples analyzed and discussed above. Table V displays
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stant. This suggests that as the individual diamond parti-
cles are growing, as indicated by the increase in the C 1s
peak at 284.3 eV, etching of the SiC surface or interfacial
layer may be exposing silicon from the original substrate.
It should be mentioned that it is not necessary to totally
expose the silicon in order to observe it by XPS. Given
the theoretical escape depth for Si, it should still be possi-
ble 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. After 2 h of growth follow-
ing the biasing, the carbon-to-silicon ratio has increased
to over 50%, with 76%%uo of the C ls 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 layer may be
continuing as the diamond particles continue to grow.

Overlayer calculations, similar to those performed for
the previous series, indicate that once the bias is turned
off, the silicon carbide layer begins to diminish rapidly.
The interfacial layer reduces in average thickness, from
90 A at the end of the biasing to 40 A by 1 h and 20 A by
2 h of growth. These data suggest again more convinc-
ingly that the silicon carbide layer is being etched, or re-
moved, once significant diamond growth occurs. As
mentioned in the previous section, the actual decrease in
carbide thickness will not be as sharp if the etching, or
removal of the carbide, is nonuniform.

As in the previous series, the AES spectra [Fig. 12(a)]
continue to show a strong contribution from the SiC and
do not resemble diamond until after 5 h of growth. The
XPS-EELS series, on the other hand [Fig. 12(b)], shows
that the contribution from diamond begins to become
significant by 1.0 h of growth and continues until the film
is complete at 5 h. Figure 13 displays SEM micrographs
taken from sample (a) right after the 1-h bias and (b) after
1 h of growth. The micrographs show that after the bias
is turned off, no more significant nucleation occurs and
that the diamond growth continues primarily on the nu-
clei that existed at the end of the biasing period. The nu-
cleation density remains roughly unchanged throughout
the growth, and the average particle diameter increases in
sIze.

It is important here to comment on the sensitivity of
XPS EELS in observing diamond nucleation on, in this
case, silicon carbide. Based on SEM data discussed above
for the 1-h-biased sample (Fig. 13), the nucleation density
of diamond particles on the surface was approximately
5X10 cm and they were 10-50 nm in diameter. This
concentration may be too insignificant to be detected by
XPS EELS. If one were to perform a rough area calcula-
tion based on an average particle diameter of 20 nm, the
percentage of the sampling area covered by the diamond
particles would be only 0.2%%uo. For the sample that was
grown for 1 h 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 surface
during the nucleation process, but XPS EELS may only
be used to obtain structural information for surface con-

3000—

2000—

1000—
Jaam. =

1h/
~ I~+I

~ -1000

-2000

0 —.=--:

3000 Bias/
Tl

-4000—
240 250 260 270 280 290

Kinetic Energy (eV)

(b)

a~A~
~~-rg~

6000-

~ Vlg~

& 4000-
1h/1h

Bias/Growth
Time

0 —,
50

I I

40 30 20
Binding Energy (eV)

I

10

FIG. 12. (a) Auger electron spectra and (b) XPS EELS taken
at various growth times on a sample bias pretreated for 1 h.

centrations in excess of 2 —4%.
From the bias and growth series, the data suggest that

diamond grows primarily on the diamond particles that
existed on the surface after the initial biasing. SEM mi-
crographs 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
nucleation once biasing ceases suggests again that ideal
growth conditions may not be favorable for nucleation.
As the diamond particles grow, there appears to be etch-
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FIG. 14. Low-magnification high-resolution XTEM micro-
graph showing several nucleation sites and an interfacial layer
between silicon and diamond.

FIG. 13. SEM micrographs as a function of growth time on
samples that were biased for 1 h, showing no new significant nu-

cleation once the bias was turned off: (a) 1-h bias only and (b)
1-h growth after bias.

ing of the SiC layer as suggested by the increase in the
Si-Si bonding observed in the XPS Si 2p series.

D. Cross-sectional transmission electron microscopy

Figure 14 displays an XTEM micrograph from a sam-
ple that was biased for 1 h and then further grown for 5
h. The electron-beam direction was parallel to the
Si(110) direction, such that the sample was viewed in an
exact edge-on condition. An interfacial layer is readily
observed between the silicon substrate and diamond film.
Several diamond nuclei are seen to be emerging from this
interfacial layer, and none were observed to be in direct
contact with the Si substrate. This divergence of the ini-
tial nuclei reconfirms that CVD diamond undergoes
three-dimensional growth once the stable nuclei has
formed. Twin lamellae, prominent defects in diamond,
were also observed just above ~here the nuclei begin to
coalesce, as shown by the arrows in Fig. 14.

High-resolution TEM images were also obtained in the
same region, as shown in Fig. 15. The grainy appearance
of this interfacial layer under optimum focusing condi-
tions revealed its noncrystalline, or amorphous, charac-
ter. This was then confirmed by electron microdiAraction
and optical dift'ractogramography. EELS was not per-
formed in this region since its thickness was below the
spatial resolution limit required for microanaiysis in

TEM. However, transmission EELS was performed on a
separate sample that had a much thicker interfacial layer,
and the spectra obtained were identical to a spectrum col-
lected from single-crystal I33-SiC under similar operating
conditions. No other elements were found in these EELS
spectra. Combined with the in Uacuo surface analysis
presented earlier, it is reasonable to assume that this in-
terfacial layer is predominantly amorphous silicon car-
bide. The interfacial layer for the 1-h-bias sample ap-
pears to have an average thickness of approximately 60
A, with some areas as thick as 100 A.

It is important to determine whether the nuclei actual-
ly formed on top of this amorphous layer or on the sur-
face of the silicon. Because the sample is viewed in cross
section and because of the limited depth of field, the nu-
clei may only appear to have formed within the interfa-

FIG. 15. High-magnification high-resolution XTEM micro-
graph showing an amorphous interfacial layer between the dia-
mond and silicon substrates.
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FIG. 16. Model of a diamond nuclei showing how nucleation
may have occurred closer to the substrate than it appears.

cial layer, when, in fact, they may have formed on the sil-
icon. If one models the nucleus as an inverted pyramid,
it is easy to envision how a cross-sectional slice, not made
in the exact center of the nucleus, can make it appear to
have originated in the interfacial layer. However, by
tracing the boundaries of the nuclei to a converging
point, it appears that the nuclei originate within the in-

terfacial layer and above the silicon substrate. This is
shown schematically in Fig. 16 and may also be seen in
Fig. 15. Furthermore, in all the samples examined, none
of the diamond crystals were observed to be in direct con-
tact with the Si substrate. Therefore it was concluded
that nucleation did not occur on the silicon substrate
directly, but rather on top of the interfacial layer.

IV. DISCUSSION

A. Potential nucleation models

1. Nucleation on surface contamination
present before biasing pretreatment

Williams, in a study of the effect of various surface
pretreatments on nucleation, has shown that a trend ex-

Based on the data presented above, as well as published
studies on diamond nucleation, the authors have com-
piled a list of nucleation models or possible explanations
for the enhancement of diamond nucleation resulting
from a bias pretreatment. Since the emphasis of the
present research involves this bias pretreatment, some
nucleation mechanisms, although they may be valid un-
der other experimental conditions, are not mentioned
here. Listed below are four possible explanations for nu-
cleation data presented in this study, and each will be dis-
cussed in greater detail in later sections: (a) diamond nu-
cleation on adventitious carbon that existed on the sur-
face before the biasing pretreatment, (b) diamond nu-
cleation directly on an interfacial layer of either (i) crys-
talline silicon carbide or (ii) amorphous silicon carbide,
(c) diamond nucleation on some stable nondiamond car-
bon that has accumulated on the surface during the bias-
ing pretreatment, (d) diamond nucleation enhancement
caused by the removal and suppression of a surface oxide.

ists between the amount of carbon observed on the sur-
face before growth and the resulting nucleation density.
Samples that had higher amounts of carbon on the sur-
face resulted, qualitatively, in higher nucleation densities.
One possible source of nucleation enhancement could
have been from the adventitious carbon found on the sub-
strate prior to biasing. However, a problem with this
model is that similar concentrations of adventitious car-
bon were found on the surfaces of unscratched silicon
wafers in Williams's study and the resulting nucleation
densities were very low. One might then argue that, dur-
ing the biasing, this carbon is converted into a form suit-
able for nucleation. From the surface-analytical series
versus bias time discussed in Sec. III B, it was found that
within the erst 5 min of biasing the adventitious carbon
had either been replaced by or converted into a mixture
of C-C and Si-C. If the conversion of the adventitious
carbon, via biasing, is the explanation for increased nu-
cleation, then one would expect a significantly higher nu-
cleation density after just 5 min of biasing. This suggests
that the surface contamination alone does not account for
the observed increase in nucleation density.

2. Nucleation directly on silicon carbide

Silicon carbide was observed in this study to have
formed on the silicon surface before the diamond parti-
cles could be detected. Both Belton et al. and Williams
et a/. , in similar in vacuo studies, also observed the for-
mation of Si-C during the early stages of diamond
growth. Polycrystalline silicon carbide has also been ob-
served by many other researchers ' to have formed
between the diamond and silicon substrate. Badzian and
Badzian6 have suggested that the development of a P-SiC
buffer layer is first required before diamond nucleates on
silicon. These arguments were made based on a partial
lattice matching observed on the (110) when the (100)
direction of P-SiC is parallel to the ( 112) direction of di-
amond. Hartnett et a/. ' reported 3 times higher
diamond-nucleation densities on (220)-textured CVD-
grown P-SiC films than on untreated silicon, but no
enhancement for growth on ion-sputtered SiC and (111)-
textured P-SiC films.

The authors believe that the formation of silicon car-
bide plays a role in diamond nucleation on silicon, but
that it is not alone suScient for nucleation to occur. The
focus of this discussion should not be on whether dia-
mond can be grown on a SiC substrate or whether an in-
terfacial SiC layer forms before diamond growth on sil-
icon, but rather on the actual steps by which diamond
forms on the SiC. Does the nucleation occur directly on
the silicon carbide, or is there another intermediate step
that must occur?

One of the first problems with the hypothesis that dia-
mond nucleation occurs directly on SiC is the relatively
small increase in nucleation density observed when SiC
substrates are used. The reports show as much as 3 times
higher nucleation density on SiC substrates, ' but the
biasing pretreatment used in this study increased nu-
cleation by several orders of magnitude beyond that.
Furthermore, if the presence of silicon carbide is the sole
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requirement for nucleation to occur, then one would ex-
pect much higher nucleation densities for the shorter bias
times since a SiC layer forms immediately. It could be
argued that it is the amorphous character of the SiC layer
in the present research that promotes higher nucleation
rates. An amorphous surface has a higher surface free
energy, and it is thus more energetically favorable for nu-
cleation to occur on such a surface. However, this alone
cannot explain the large change observed in nucleation
density as a function of bias time since this amorphous
layer essentially forms immediately. Furthermore, as
mentioned previously, on sputtered SiC no significant in-
crease in nucleation was observed. '

Another problem with the theory that diamond nu-
cleates directly on the carbide is expressed in reports of
nucleation-enhancement techniques that do not involve
carbide formation. Angus et al. have achieved high nu-
cleation densities by sprinkling graphite powder on the
substrate surface, while Morrish et al. ' were equally
successful with pump oil as a nucleation promoter.
Furthermore, one of the present authors has also ob-
served in a separate study ' that under some conditions
amorphous carbon interfacial layers exist between the di-
amond film and silicon substrate rather than a SiC layer.
Finally, scratching a Si substrate is not expected to modi-
fy the formation of SiC significantly, yet it has a major
impact on nucleation density.

These data suggest that some type of a carbonaceous
precursor may be involved and that the carbide forma-
tion only plays an intermediate role. Recall that the XPS
data for the bias series (Table III and Fig. 5) showed that
from 5 min to 1 h of biasing there existed an excess con-
centration of elemental carbon on the SiC surface. This
excess carbon again suggests that the nucleation of dia-
mond directly on silicon carbide may not be the primary
explanation for the increased density from biasing and is
the topic of the next section (Sec. IV A 3).

3. Nucleation ofa non diamond c-arbonaceous precursor

The majority of the data from the literature as well as
from this study suggest that some intermediate nu-
cleation step exists between the carbide formation and ac-
tual diamond nucleation. In the data presented here,
amorphous silicon carbide was immediately formed (I —5
min) on the surface of the silicon. There also existed a
small amount of amorphous carbon (it was determined to
be neither graphite nor diamond) on the surface of the
Si-C. This "excess" carbon may have resulted from (I)
increased Aux of positively charged carbon and hydrocar-
bon ions to the surface or (2) nonuniform etching or sub-
limation of the silicon carbide. Van Bomrne, Crombeen,
and Tooren, found that silicon could preferentially
evaporate from SiC thus leaving the surface carbon rich.
In the present work, as the carbide layer continues to
grow from 5 min to 1 h, the concentration of this amor-
phous layer relative to the carbide remains fairly con-
stant. After 1 h of bias the amorphous carbon can no
1onger be distinguished from the diamond nuclei on the
surface using XPS core-level shifts. It is hypothesized
that this surface carbon contributes significantly to the

nucleation of diamond and that the silicon carbide merely
acts as a temporary but critical host on which the carbon
can accumulate until clusters of the appropriate size and
structure required for diamond nucleation develop.

Before attacking the specific problem of diamond nu-
cleation, one should first consider the basic steps involved
in the nucleation of three-dimensional clusters. General
cluster-nucleation phenomena may be simplified and ex-
plained as a series of the following steps.

(i) Atoms impinge upon the substrate from the vapor
phase and become adsorbed onto the surface.

(ii) At standard CVD temperatures, the adatoms, if
they are not free to react with the substrate, may either
reevaporate or diffuse over the surface.

(iii) If the concentration of adatoms is high enough,
they combine and form clusters.

(iv) Through statistical fiuctuations in local adatom
concentration, these clusters grow and decay.

(v) Because of free-energy considerations, there will be
a critical size above which the probability of growth will
be greater than decay.

(vi) These stable clusters are then free to grow either
from the continued migration of single adatoms or from
the direct impingement of atoms from the vapor phase.

In the cases of bias-enhanced diamond nucleation, the
proposed model is only slightly more complicated in that
it first involves the formation of an interfacial carbide
layer. %hen the carbon first arrives at the surface, it is
more energetically favorable to form silicon carbide than
for the atoms to accumulate on the surface and eventual-
ly form clusters. Silicon carbide formation, however, is
kinetically limited by silicon diffusion through the exist-
ing carbide layer to the surface. Thus, although there ini-
tially exists an excess concentration of carbon on the sur-
face, it may not be kinetically favorable for critical nuclei
to form until after the carbide has reached a critical
thickness such that the silicon outdiffusion is too slow to
continue. However, in contradiction to this argument,
data show that the carbide layer is still growing from 30
to 60 min, yet nucleation has occurred as early as 30 min
and is easily visible by 1 h. The reason for this is believed
to be that local islands of Si-C have reached a critical
thickness such that the carbon on the surface is then al-
lowed to cluster and eventually form a stable, suitable site
for diamond nucleation. This also helps explain the rapid
increase in nucleation as a function of bias time. As more
and more areas reach critical carbide thicknesses, more
carbon becomes available to form stable clusters. This
variation in thickness of the interfacial SiC layer is sup-
ported by the TEM observations.

TEM observations also show that nucleation is occur-
ring closer to the Si/SiC interface than the critical thick-
ness described above. One possible explanation for this
may be due to the etching of the SiC. If during the etch-
ing process silicon is being preferentially depleted, excess
carbon could locally saturate the surface. This local satu-
ration of carbon would allow critical carbon clusters, and
eventually diamond nuclei, to form in a region where the
carbide is below the critical thickness.

It is important to stress that, although the carbon clus-
ters on the surface may reach a critical size, they may not
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be ideally suited for diamond nucleation. Reports have
shown that amorphous carbon alone does not act as a
strong nucleation promoter. ' The authors suggest
that certain clusters may form that, at least locally or in
certain regions, have the correct crystal structure and
bonding configuration to promote the formation of the
diamond structure. This speculation is based on the ob-
servations that not all forms of carbon are sufhcient for
diamond nucleation. Unfortunately, the exact form of
this excess carbon necessary for diamond growth is not
known, although Angus has recently made some pro-
gress in this area, utilizing graphite as the starting point
for his model. Judging from the much higher nucleation
densities achieved on carbide-versus non-carbide-forming
substrates, either the amount or type of excess carbon
present is related to the carbide-forming properties of the
substrate. There are numerous mechanisms which may
account for this influence, including the items discussed
in the following sections.

B. Role of biasing in enhancing the nucleation

The previous section provided suggestions for nu-

cleation models and the critical steps that may lead up to
nucleation. The role that biasing plays in either promot-
ing or accelerating these critical steps is of interest as
well. Does the biasing merely accelerate the same pro-
cess that would otherwise occur at much slower rates, or
does it create alternative path(s) that would not occur,
under standard CVD conditions? The following are the
envisioned possible effects that biasing may have on the
CVD process in so far as they relate to diamond nu-
cleation: (i) increased flux of positively charged carbon
ions to the surface (C„H~+);(ii) reduced flux of electrons
and negatively charged ions to the surface; (iii) higher-
energy transfer from the ions to the surface, resulting in
increased surface mobilities of adsorbed species; (iv)
enhancement of reactions and molecular dissociation just
above the substrate as a result of an increase in, and
higher energy for, ion-neutral collisions within the sheath
region; and (v) reduction and suppression of oxide forma-
tion on the surface.

It is easy to conceptualize how an increase in the ar-
rival rate of carbon or hydrocarbon ions to the surface
may help to expedite the nucleation process as outlined
above. The possible role of electrons in preventing or
suppressing nucleation is unclear. Since electrons are be-
ing repelled during the negative biasing, one may suggest
that they may indeed inhibit nucleation. However, posi-
tive biasing during hot-filament CVD experiments did
not significantly suppress diamond nucleation.

The approximate ion-impingement energy may be cal-
culated from the Stefan-Boltzmann law,

collision with substrate atoms. Ion bombardment of the
surface could locally increase the surface mobilities of
adatoms and may thus help to explain how carbon clus-
ters can form more rapidly on the surface. It may also
explain why the interfacial layer is amorphous. The con-
tinual ion bombardment may prevent the amorphous-
surface carbide from crystallizing.

The increased dissociation due to accelerated ions in
the sheath region is easy to envision, yet again the conse-
quences are unclear. The ions that are accelerated
through the sheath region have a much higher kinetic en-

ergy than in the rest of the plasma; therefore, when they
collide with another ion or neutral molecule, there is a
higher ionization or dissociation ef5ciency. This could
result in a much higher concentration of dissociated hy-
drocarbons, and atomic hydrogen, near the sample sur-
face.

Since oxide formation does play a significant role in in-
hibiting diamond nucleation, it is necessary to discuss the
role that the elimination of oxide formation might play
during bias-enhanced nucleation. It is agreed by most
researchers that the presence of a native oxide on silicon
will impede the nucleation process. Si02 masks have
been used widely as a method of obtaining selected-area
nucleation of diamond. ' On a similar in vacuo study
performed by Williams et al. on a silicon substrate
prepared by scratching only, Si-0 was observed
throughout the entire analytical series. The present study
was performed using the same in vacuo growth and
analytical chamber. The current data from the biasing
series showed that no Si-0 could be detected after 15 min
indicating that the biasing is very effective in removing
the oxide.

The actual mechanism by which the oxide is removed
is unclear; however, initial results in the authors labora-
tory showed that biasing in a hydrogen plasma alone
were unsuccessful in removing the oxide. This prelimi-
nary data suggest that a reaction involving the C-0 bond
is responsible for the removal of Si-O. Lee, Miller, and
Cutler proposed the following mechanism by which
Si02 may be reduced by carbon:

Si02+CO~SiO+ CO2,

C+CO2~2CO,

SiO+2C~SiC+CO .

Once the reaction is initiated, CO will be regenerated as
long as there is Si02 available. The initial CO gas re-
quired to initiate the above reaction may be obtained
from the solid-solid reaction between initial carbon
species arriving on the surface and the oxide according to
the reaction

Si02+3C~SiC+2CO . (4)

by measuring the increase in temperature as a result of
the biasing. From this relationship the ion energies were
calculated to be approximately 5 eV. Ions of this energy
are not expected to create much damage to the surface,
although some energy is expected to be transferred upon

Reaction (4) has also been suggested by Pickrell et al.
as an intermediate reaction for the nucleation of diamond
on silica. An increase in the flux and kinetic energy of
C H„+species to the surface may help explain why the
oxide becomes less stable under biasing conditions. If the
arriving carbon species have higher kinetic energy as a
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C. Schematic summary of the nucleation model

In view of the previous discussions, a schematic repre-
sentation of the steps for nucleation which are speculated
to be important can be developed. This is displayed in

Fig. 17.
(i) Before biasing begins there are both adsorbed oxy-

gen and amorphous carbon present on the silicon surface
[Fig. 17(a)].

(ii) The adsorbed carbon is then either etched away or
converted to Si-C, and the physisorbed oxygen is convert-
ed into Si-0 [Fig. 17(b)].

(iii) As biasing continues, the oxide is etched as the car-
bide islands continue to grow. Preferential etching of the
silicon from the Si-C and/or continued high flux of car-
bon to the surface creates an excess concentration of car-
bon on the surface [Fig. 17(c)].

(iv) As the local carbide islands reach a critical thick-
ness, such that 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.

(v) Some of these clusters become favorable for dia-
mond nucleation [Fig. 17(d)].

c„H0
Oxygen

Diamond

{a}Before Bias (b) 5 mir)

Diamond

{c) 15 min

Areas of SiC Etching

result of the biasing, then reactions (2)—(4) may proceed
more rapidly to the right, thus resulting in an increased
removal of oxide from the surface. The authors are not
suggesting that the elimination of the oxide alone should
explain the substantial increase in nucleation density;
however, it should be considered as to have played a ma-

jor role in allowing nucleation to occur. Once the oxide
has been eliminated, the other major nucleation steps, as
outlined in the previous section, must then occur for the
successful development of the diamond nuclei.

The above are only speculations on how the biasing
may be aiding the nucleation process. A more in-depth
discussion requires a much greater understanding and
more thorough study of the plasma conditions during this
biasing process. Plasma diagnostics within the sheath re-
gion, under various biasing conditions, would be very
beneficial in aiding the understanding of bias-enhanced
diamond nucleation.

(vi) As most of the carbide reaches a critical thickness
(90 A), more free carbon becomes available to form other
diamond-nucleation sites, and thus a greater number of
diamond nuclei are observed [Fig. 17(e)].

(vii) As biasing continues, there is ongoing etching of
the surface (but not the more stable diamond nuclei) and
adsorption of the carbon. This local etching creates a
rougher silicon carbide surface. If silicon is preferentially
etched from the carbide, increasing the carbon concentra-
tion in that region, then nucleation clusters may actually
form on thinner areas of the carbide.

(viii) The etching, cluster formation, and diamond nu-
cleation continue until the surface is eventually covered
with diamond nuclei [Fig. 17(f)].

V. SUMMARY

It has been shown here that biasing may be used as an
effective means of nucleation enhancement. The major
purpose of this work was to gain a better understanding
of this method of enhancing diamond nucleation on sil-
icon. En Uacuo surface analysis as well as high-resolution
XTEM, SEM, and Raman spectroscopy were used to
study the nucleation and growth of diamond using-
biasing and microwave plasma CVD. Biasing was found
to increase the nucleation density for unscratched silicon
substrates by over five orders of magnitude. The nu-
cleation density may be controlled over three orders of
magnitude by varying the length of the bias pretreatment.
Once the bias was turned o6; diamond grew on diamond
nuclei that were created during the pretreatment and no
further significant nucleation occurred. If the bias was
left on indefinitely, the resulting diamond film was of
much poorer quality than that produced under a 1 —2-h
bias followed by a growth with no bias. This suggested
that conditions which are favorable for diamond nu-
cleation are not ideal for diamond growth.

An amorphous silicon carbide interfacial layer
developed before significant diamond nucleation oc-
curred. Preferential etching of the Si-C and/or a de-
creased reaction with Si were thought to be responsible
for the development of an excess carbon concentration on
the Si-C. Once the silicon carbide layer had reached a
critical or maximum thickness, which under these experi-

0

mental conditions was approximately 90 A, it was be-
lieved that the carbon on the surface was free to form
critical clusters that were eventually favorable for dia-
mond nucleation. Once significant diamond nucleation
has occurred, the preferential etching of the carbide ap-
pears to have allowed carbon clusters to form on thinner
regions, closer to the Si substrate, thus explaining why
some diamond nuclei were observed to be closer to the
substrate than others. The ability of the biasing pretreat-
ment to remove and suppress the formation of a surface
oxide was also thought to play a role in the nucleation
enhancement.

(d) 30 min (e) 1 hr (f) 2 hrs
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