L

T g
?§ surface science
3 .

ELSEVIER Surface Science 373 (1997) 230-236

Dirac ¢ nucleation in the framework of Avrami’s model:
the case of diamond growth on deformed Si(100)
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Abstract

The nucleation and growth kinetics of diamond deposited by hot-filament chemical vapour deposition (HFCVD) on Si(100)
substrates, previously deformed by uniaxial compression along the {100) direction, have been investigated. Although the nucleation
density at saturation (0.04-0.06 um~2) was similar to those measured on virgin, as-received Si(100) wafers, the kinetics of stable
nucleus formation resembled the fast kinetics observed for substrates which were mechanically abraded prior to CVD in order to
enhance diamond nucleation. The results definitely indicate that diamond nucleation occurs randomly with a rate that is a Dirac 6
function. The time dependence of the substrate fraction which is covered by islands was measured, and a good agreement with
Avrami’s kinetics for 2D phase transitions was found. The total island perimeter has also been measured as a function of the covered
surface, and is well described by the analytical model recently developed [M. Tomellini and M. Fanfoni, Surf. Sci. 349 (1996) L1917.
The observed fast nucleation has been attributed to stress-induced defects pre-existing at the surface and which provides suitable
sites for diamond growth. © 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the past decade, several chemical vapour
deposition (CVD) processes have been developed
for the production of high-quality diamond coat-~
ings on substrates as different as metals, semicon-
ductors and ceramics. The success in growing
diamond thin films using CVD methods has
stimulated an enormous interest in the unique
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combination of properties of diamond for new
technological applications [1].

Diamond-film formation on non-diamond sub-
strates occurs via the Volmer—Weber growth mode
[2], since diamond has the highest surface energies
of any known material. In most CVD methods,
heterogeneous diamond nucleation is a demanding
process which requires the presence of suitable
nucleation sites at the substrate surface, whose
nature is still controversial [3]. As a matter of
fact, diamond nucleation on untreated surfaces is
usually both very difficult and slow. A recent
detailed investigation on the diamond nucleation
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kinetics at the surface of as-received Si(100) wafers
found that the density of diamond nuclei formed
under CVD conditions similar to those employed
in this work reached a value of 0.027 um~2 after
more than 10h of deposition, without reaching
saturation [4]. On Si(100) substrates scratched
with abrasive powders or pretreated by ultrasonic
agitation with diamond powder, much higher
nucleation densities (>1pm~™2) are commonly
obtained in less than 1 h of deposition [5-7]. In
recent years, a number of nucleation-enhancement
methods have been developed which allow the
control of nucleation density over several orders
of magnitude [8—197]. This is an important achieve-
ment, since the nucleation process critically deter-
mines film’s properties as well as its morphology
and adhesion. Although the experimental investi-
gations have contributed significantly to develop
technologies for optical and electronic applications
and for the production of wear-resistant compo-
nents in the cutting-tool and metal-working indu-
stries, it is evident from the literature that a clear
picture of diamond nucleation in CVD is still
needed to provide insight into the nucleation kinet-
ics [31.

In this paper we report a study on diamond
formation on Si(100) which was plastically
deformed, prior to deposition, by uniaxial compres-
sion. Such a deformation procedure allows us to
control the dislocation density in the crystal. The
kinetics of nucleation as well as the time depen-
dence of the surface fraction covered by islands
have been determined. Moreover, for the first time,
the evolution of the total island perimeter has been
measured and its behaviour, as a function of the
covered surface fraction, has been analysed on the
basis of a recently developed kinetic model [20].

2. Experimental

Si(100) (electronic grade) was supplied by
Wacker and was purified by the melting-zone
method. The impurity levels for carbon and oxygen
were 5x10%5 and 10%*® atoms cm ™3, respectively.
The silicon was slightly n-doped with phosphorous
(105 atoms cm~2). Stable plastic deformation was
created by uniaxial compression along the {110}

direction at 1100°C in an inert atmosphere (90%
He+10% H,).. The deformation rate was
3.5x 107 % s, The: resulting dislocation density
was 1.5+0.5 x 10% cm 7%, as measured by transmis-
sion electron microscopy. The silicon was then cut
with a diamond saw according to the (100) orienta-
tion (£2°). The wafers were mechanically polished
with 0.25 um diamond paste and their surfaces
were cleaned with boiled trichloroethylene and
finally chemically etched with a solution of 32.5%
HNO;+17.5% HF and 50% acetone for 2 min.
This treatment ensures the removal of the stress-
hardened layer (about 20 um). Prior to deposition,
the 10 mm x 5 mm samples were rinsed with deio-
nised water and treated in an ultrasonic bath
with ethanol.

Diamond synthesis was performed in a conven-
tional stainless steel hot-filament chemical vapor
deposition (HFCVD) chamber. The gas phase, a
mixture of hydrogen (purity 99.9990%) and meth-
ane (purity 99.995%) with a CH,: H, volume ratio
fixed at 0.5%, was activated by a hot tantalum
filament (0.03 cm in diameter) wound in a 0.14 ¢cm
internal diameter spiral and accurately positioned
by means of a cathetometer at 0.8 cm from the
substrate. The filament temperature (2100°C) was
monitored by a two-colour optical pyrometer
(LAND INFRARED model RP 12). The power
dissipated by.the filament was in the range 140—
160 W. A new filament was used in each deposition
run. The total pressure of the gas mixture in the
reactor was 23 Torr, with a total flow rate of
200 sccm. Gas composition and.flow rates were set
up by digital mass flow controllers (MKS model
258/259). The substrate temperature (800°C) was
measured by a Pt/Pt—-Rh10% - thermocouple
pressed against the heated molybdenum ribbon
supporting the sample. Deposition times were
varied between 0.5 and 10.5 h. Following depos-
ition, all the samples were analyzed by scanning
electron microscopy (SEM, Leica Cambridge
model Stereoscan 360). The SEM pictures were
processed by Automatic Image Analysis (AIA,
Cambridge Instruments Quantimet 970) in order
to measure the substrate area fraction covered by
diamond, S(¢), and the total perimeter of the
deposit per unit area, P(z). In the case of samples
deposited for less than 7 h, the deposit was consti-
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tuted by well-separated particles and it was pos-
sible to count the nucleation density (nuclei per
unit area) and measure the size distribution func-
tion of diamond crystallites. Equivalent diameter
d=(4A4/m)""*, where A is the projected area in um?
of diamond crystallites, was used as a size
parameter.

Raman spectroscopy confirmed that diamond
was the main component of the deposits.

3. Results and discussion

In Table 1 the deposition times and the AIA
results are summarized. These results will be con-
sidered and discussed in detail below.

In Fig. 1 SEM pictures of samples 2, 3, 4 and 6
are shown. These micrographs clearly show that,
at a given deposition time tp, the diamond crystal-
lites are of nearly the same size, and that for
tp<5 h the deposits consist of well-separated par-
ticles. The particle-size distribution functions,
F(d,tp) of samples 2—4, where particle impingement
is negligible, are plotted in Fig. 2 and indicate that,
as the deposition time increases, the F(d,tp) moves
towards higher diameter values while its width
remains practically constant. In Fig. 3 the time
evolutions of both maximum {d,,,) and average
({d)) diameters of crystallites are reported. These
quantities increase linearly in time with constant
rates of 0.7 um h™* and 0.6 um h™?, respectively.
The growth rate is therefore controlled by reactions
occurring at the surface of the growing diamond

Table 1

particles [217], and no concentration gradient of
gas-phase precursors (H, CH; and C,H,) develops
between the bulk of the activated gas and the gas—
solid interface [22,23]. The reason for using dp..
as a growth parameter has been explained else-
where [227]. We recall that the growth time of a
diamond particle of diameter d in the size distribu-
tion is ¢, =1tp[d/dyax(tp)]. The growth time of the
biggest particles can be assumed to be equal to the
deposition time, t,, while the growth times of the
smaller particles are lower than t. The small
difference between d,, and <{d) stems from the
small width of the size distribution functions.
According to the procedure reported in Refs.
[24-26], the nucleation kinetics, N(t), can be
calculated by using the temporal evolution of d,,.
and the F(d,tp) functions of Fig. 2. The results are
shown in Fig. 4, and definitely indicate that the
nucleation stage ends in less than 1 h of deposition
when the surface fraction covered by diamond is
less than 2% (Table 1). In other words, the time
required for nucleation to reach completion
(tp<1 h) is negligible compared to the time neces-
sary for film formation (f5>10.5 h, §(10.5)=91%).
The same conclusion could be drawn by con-
sidering the measured nucleation densities reported
in Table 1. From this analysis we infer that the
diamond nucleation rate goes to zero at the very
beginning of film formation. Therefore, the nucle-
ation rate can be modelled as a Dirac § function
[20], ie. all nuclei start growing simultaneously.
It is worth noticing that the nucleation rates on
Si(100) substrates which were mechanically

Deposition times and diamond-growth parameters determined by digital processing of SEM pictures

Sample Deposition Maximum Average Nucleation Surface Perimeter, P(z)
time diameter diameter density coverage, (um™1)
(h) (pm) {um) (um~3) 8(t)
1 0.5 0.5 0.4 0.033+0.018 0.0048 +0.0029 0.051+0.030
2 1 0.75 0.6 0.057 £0.022 0.0181 40.007 0.124 +0.049
3 3 2.4 1.9 0.046 +0.007 0.140+0.023 0.284 +0.056
4 5 31 2.8 0.036+0.005 0.257+£0.016 0.309+£0.013
5 5+0.5 3.7 33 — 0,346 +0.042 0.363+0.021
6 6 5.1 4.3 0.044 £0.005 0.591+0.09 0.31840.052
7 7 — — — 0.808 £0.042 0.266+0.033
8 3+4 4.7 4.3 — 0.698+0.134 0.330+0.056
9 10.5 — — — 0.914+£0.018 0.089 - 0.002
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Fig. 1. SEM pictures of diamond deposits grown on deformed Si(100) for (a) L h (sample 2), (b) 3 h (sample 3), (c) 5h (sample 4),
and (d) 6 b (sample 6).

abraded prior to deposition exhibited a quite
different behaviour [5,6]. In fact, in these cases we
have measured nucleation rates different from zero
up to 40-50% of surface coverage, and conse-
quently the nucleation rate could not be described
by a Dirac é function.

In Fig. 5 the measured S(¢) kinetics is reported
in the form In{—In[1—S(t)]} versus In(f). The
data are well described by a straight line, which
implies S(¢f)=1—exp(—kt"), namely a stretched
exponential function with k=1.4x107°s™" and
n=2.08. It is worth recalling that in the case of
Dirac é nucleation, Avrami’s kinetics leads to a
stretched exponential function with n related to
the growth law of the nuclei [27]. In particular,
for a growth law in the form doct™, d being the

diameter of the nucleus, n/m=2. Notably, from the
independent measurements of d(z) (Fig. 3) and S(t)
(Fig. 5), we get n/m=2.08. It is important to stress
that Avrami’s kinetics holds for a random distribu-
tion of nuclei. In order to check whether or not
diamond nuclei are randomly distributed at the
substrate surface, a statistical analysis has been
performed on the ground of the Poisson distribu-
tion. For this purpose, we have counted the par-
ticles whose centers lie in the circle centered on
each nucleus in the SEM pictures. We have chosen
a disk of radius equal to the average distance
between two particles, namely 1/A/N, N being the
nucleation density in gm~2. The frequency of
finding » particles in the sampling disk as a func-
tion of »n is shown in Fig. 6 for sample 3, where
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Fig. 2. Particle size distributions of diamond crystallites formed
after 1, 3 and 5 h of deposition (samples 2, 3 and 4, respectively).
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Fig. 3. Microscopic growth law of both the maximum, d,,,,
and the average, (d), equivalent diameter of diamond crystal-
lites, as obtained from the size distribution functions of well-
separated particles. Solid and dotted lines are the linear best
fit to di,,(t) and <d(r)) data, respectively.

274 independent measurements were considered.
The full line is the Poisson function computed
using the average n value, as obtained from particle
counting. The reliability of the Poisson distribution
has been confirmed by a y¥? test, for which the
threshold of probability to reject the hypothesis
was found to be greater than 30%. This analysis
confirms that diamond nuclei are formed at
random on the surface of deformed Si(100) and,
consequently, Avrami’s prescriptions hold.
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Fig. 4. Nucleation kinetics, N(¢), of diamond as derived from

the particle size distributions of Fig. 2 and the d.(¢) growth
law reported in Fig. 3.
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Fig. 5. Kinetics of the surface fraction, S(t), covered by diamond
islands in the form In(—In[1—S(¢)]) versus In(t).

In a recent paper [20] the kinetics of the total
perimeter of the deposit has been modelled on the
basis of Avrami’s theory. For Dirac § nucleation it
was demonstrated that the total perimeter per unit
area is a function of the surface coverage and does
not depend on the growth law of the nuclei. The
following analytical expression was obtained:

P(S)=+/4nN(1 —S){ln [1%5}}1/2, (1)

where P(S) is the perimeter per unit area, S is the
surface fraction covered by the deposit, and N is
the surface density of nuclei. According to Eq. (1),
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Fig. 6. Number of fields of observation containing n particles
counted in a sampling disk, whose radius is equal to the
average distance between two nuclei (sample 3, 3 h deposition).
The solid line is the Poisson function evaluated using the mean
value of particles in the sampling disk and obtained from the
274 independent observations.

the perimeter is maximum for S=1-—e¢~ 2 =0.39.
In Fig. 7 the measured perimeter of the diamond
deposit as a function of S is reported. The solid
line is the best fit of Eq. (1) to the experimental
data. From the fit we received N=0.059 um~2, a
value which is in good agreement with the mea-
sured nucleation densities of Table 1.

Hirakuri et al. [28] found that the diamond
nucleation density on a Si(100) wafer mechanically
stressed with a spring and a rod during CVD at
800°C was affected by the applied compressive
stress. They measured nucleation densities up to
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Fig. 7. Total perimeter of diamond deposit, P, as a function of
the substrate coverage, S. The solid line is the best fit to the
data using Eq. (1).

about 0.5 um~2, ie. several orders of magnitude

higher than those reported in the literature for
untréated Si(100) [3]. Unfortunately, no kinetic
study was reported in Ref. [28]. Dennig and
Stevenson [17] found that the nucleation of dia-
mond from the gas phase in the HFCVD is pro-
moted by topographical features, ie. locations
which protrude from the substrate surface, such as
edges or apexes. Selective diamond nucleation has
also been observed at steps of cleaved Si(111)
surface [ 297. In the case of deformed Si(100), both
the high dislocation density and the surface asperi-
ties formed by the treatment employed to create
linear defects could provide suitable sites for the
observed fast nucleation process, but further work
is required to clarify the nature of nucleation sites.
Nevertheless, the system investigated here repre-
sents an ideal case for corroborating Avrami’s
theory and modelling thin-film growth when the
nucleation rate can be approximated by Dirac §
function.

4. Conclusions

Diamond nucleation occurs at random on
Si(100) substrates plastically deformed by uniaxial
compression along the (100> direction, and
reaches completion at very low values of substrate
coverage (<2%). This occurrence allows one to
consider the nucleation rate as a Dirac ¢ function.
Although the nucleation density at saturation
(0.04-0.06 um~2) is only slightly higher than or
equal to those measured on untreated Si(100)
wafers, the kinetics of stable nucleus formation
resembles the fast kinetics observed for scratched
or ultrasonically pretreated substrates. These
experimental evidences suggest that stress-induced
defects produced by the thermomechanical treat-
ment provides suitable sites for diamond nucle-
ation at 800°C.

The time evolution of the covered surface is very
well described by Avrami’s theory. Moreover, we
have also obtained the density of nuclei by measuz-
ing the total perimeter evolution as a function of
surface coverage and fitting the data according to
a recently developed model. This approach can be
applied to other systems, such as the growth of
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metal films on either semiconductor or metal sub-
strates where the nucleation rate is usually a Dirac
¢ function [30-32].
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