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Nature of defects and their relationship with the growth and properties of diamond films
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We present results for the lattice defects in diamond films and discuss interplay between the defects
and growth rate of the films grown by chemical vapor deposition and dc plasma arc jet. We identify the
nature of the defects and present defect depth profiles for films grown under different conditions of these
two techniques. Defect density and film properties change significantly with growth parameters and the

growth rate is related to defects in the film.

I. INTRODUCTION

Diamond films grown by chemical vapor deposition
(CVD) have attracted worldwide attention because of
their technological importance and fascination from a
scientific point of view.! Whereas significant progress has
been made in understanding the nucleation, growth, and
properties of such films, very little is known about defects
and their role in the properties of diamond films. Most of
the defects are introduced in the films during the growth
process and they should influence both the growth and
the ultimate properties of these films. We have charac-
terized diamond films by scanning tunneling microscopy,’
scanning electron microscopy,’ Raman spectroscopy,* x-
ray photoelectron spectroscopy,” and positron lifetime
spectroscopy.® Here we present detailed results on mi-
croscopic defects in diamond films grown by the hot-
filament-assisted chemical vapor deposition (HFCVD)
and plasma arc jet techniques. These results are obtained
by utilizing Raman spectroscopy and three standard
techniques of positron annihilation spectroscopy (variable
energy positron beam, positron lifetime, and Doppler
broadening). This combination of two defect-sensitive
techniques allows us to identify defects (e.g., monovacan-
cy vs microvoids), obtain depth profile and density of de-
fects, and study correlations between the growth rate and
quality (sp3 vs sp? bonding) of the films. Diamond films
grown for two different regimes of HFCVD exhibit a re-
markably different depth profile of defects. Between the
HFCVD and plasma arc jet films, the defect depth
profiles are markedly different. In the case of the plasma
arc jet films, defect profiles vary depending on whether
the films are transparent or opaque. To our knowledge,
these are the first detailed results that identify the nature
of microscopic defects in diamond films and address an
interplay between defects and film growth as well as
properties of the films. Previous positron studies have
provided limited results on defects; among these are mi-
cropores of diameter ~0.5 nm from the pulsed positron
beam measurements on one a-C:H film,” defect concen-
trations ranging from 4X 107 % to 4X 1073 in three mi-
crowave plasma grown films,? vacancy and vacancy clus-
ters in B-doped CVD films from positron lifetime mea-
surements,’ and positron lifetime and Doppler broaden-
ing measurements on CVD film.°
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II. EXPERIMENTAL DETAILS

The HFCVD system used in these experiments has
been discussed elsewhere.* It consists of a reaction
chamber, a system for mixing and flow control of the
hydrocarbon-hydrogen mixture, and instrumentation for
the control and measurements of pressure, vacuum, and
substrate temperature. Diamond films were grown for
two different sets of parameters: (a) regime 1: filament
temperature = 2000 K, substrate temperature = 1100
K, CH,/H, flow rate = 350 SCCM (SCCM denotes cubic
centimeter per minute at STP), and system pressure = 25
Torr; (b) regime 2: filament temperature = 2300 K, sub-
strate temperature = 1100 K, CH,/H, flow rate = 60
SCCM, and system pressure = 25 Torr. Our Raman
spectrometer consists of an argon ion laser (A=5145 A),
a SPEX model 14018 double monochromator, and com-
puter control data acquisition. The spectrometer resolu-
tion ranged from 0.5 to 4 cm~!. A JOEL model JSM
35-C scanning electron microscope was used to observe
and photograph the surface morphology of the films.
Our variable energy positron beam spectrometer utilizes
a magnetically guided beam of low-energy ( <10 eV) posi-
trons that are obtained from a ?Na radioisotope and
moderated by an annealed tungsten moderator. The
moderated positrons are focused, transported in a high-
vacuum system, and accelerated to desired kinetic ener-
gies up to 25 keV prior to being implanted into the sam-
ple. The 0.511-MeV v rays, resulting from the annihila-
tions of the positron-electron pairs, are collected with a
high-purity Ge solid-state detector spectrometer. The en-
ergy resolution of this spectrometer is 1.14 keV at the
0.511 MeV annihilation y-ray energy. The positron life-
time spectra are measured with a standard fast-fast tim-
ing spectrometer with a timing resolution of about 0.300
ns. These spectra are resolved into four exponential com-
ponents by deconvoluting spectrometer resolution by us-
ing the POSITRONFIT—EXTENDED computer program.'°
The decay rate of each of these exponential components
represents the “local” electron density in the microscopic
region from which the positrons annihilate. The basic
details of the interactions of the low-energy positrons in
materials are discussed elsewhere.!! Here it suffices to
mention that positrons are trapped by lattice defects and
that the annihilation characteristics of the trapped posi-
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trons (e.g., lifetime and Doppler broadening in the an-
nihilation gamma ray energy) are significantly different
from those of the positrons that annihilate from defect-
free regions in the test material.

III. RESULTS AND DISCUSSION

Raman and SEM

Raman spectroscopy is the most widely used technique
for characterizing diamond films. This technique yields
information about the relative sp*® (diamond) vs sp? (gra-
phitic) bonding and defects within the crystallites or
grains in the films.!”> Raman spectra for selected dia-
mond films from regimes 1 and 2 and plasma arc jet are
shown in Fig. 1. These spectra exhibit three important
features: (1) a sharp peak at 1332 cm ! which is charac-
teristic of crystalline diamond, (2) a broad peak centered
at 1550 cm ™~ ! which is characteristic of diamondlike car-
bon, and (3) peaks at approximately 1350 and 1580 cm ™!
that are characteristic of polycrystalline graphite. An
evolution from the sp> bonding to sp? bonding with in-
creasing methane concentration is clearly seen for
HFCVD samples. The characteristic that is most relevant
to the microstructure/defects in these films is the full
width at half maximum (FWHM) of the diamond peak. A
broadening in the 1332-cm™! diamond line has been
shown to be related to an increase in defect density.
These defects, which effectively decrease the size of the
domains (defect-free regions) within the crystallites, may
arise from increased nucleation density and from sp’-
bonded carbon dispersed within the diamond phase in the
form of defects.!* Table I shows our results for the
FWHM of the 1332-cm ™! Raman line, domain sizes, and
typical growth rates for these films. We show in Fig. 2
the relationship between the diamond content in the film
vs the FWHM of the 1332-cm ! diamond line in the Ra-
man spectrum for all of our diamond films, including
those grown under regimes 1 and 2, grown by the plasma
arc technique, and natural diamond. We calculate the di-
amond content of the film from the ratio of the area un-
der the 1332-cm ™! line to the total area under the entire
spectrum from 1100 to 1700 cm ™~ '. The area calculation
is done after correcting for the luminescence background.
In addition, the scattering efficiency for the nondiamond
component of the film is assumed to be 50 times higher
than that for diamond.* It is interesting to note that the

data for all these films, which were deposited under very
different conditions of the HFCVD and also grown by
utilizing a very different technique of plasma arc jet, fol-
low a smooth ‘“universal” curve. In the following, we
correlate these results with the defect properties obtained
from the positron annihilation measurements. The re-
sults of the Raman scans are in agreement with the typi-
cal SEM micrographs shown in Fig. 3. These micro-
graphs clearly show that the films, exhibiting a well-
resolved and relatively narrow 1332-cm ™! diamond line,
contain well-faceted diamond crystals. The surface mor-
phology of the films changes with variations in the depo-
sition parameters: Whereas well-faceted and densely
packed diamond crystallites are observed in films grown
for low CH, concentrations in both regimes, spherical
ball-shaped features dominate in the films grown for
higher CH, concentrations. We have published else-
where details on the nucleation and surface morphology
of diamond films grown under both regimes.’

Defect depth profiles in the near-surface region

The variable energy positron beam is a powerful sur-
face probe that enables depth profiling of defects in thin
films.!! The data from these experiments, conducted by
implanting monoenergetic positrons at varying depths,'*
are analyzed by solving the positron diffusion equation.'®
This provides results for the positron diffusion length
which changes because of positron trapping in defects.
The depth profile of the defects is represented by the S
parameter (equal to the area under a central narrow re-
gion divided by the total area under the annihilation en-
ergy peak after background correction), which is shown
in Fig. 4. This parameter is sensitive to defects and to
changes in the valence electron distribution. Among the
regime-1 films, the 0.25% CH, film shows the lowest den-
sity of defects and the sharpest diamond peak in the Ra-
man spectrum. There is a significant difference between
the depth profiles of the two regime-1 films: The S pa-
rameter for the 0.25% CH, film is lower than that in the
2.0% CH, film. Similarly, among the regime-2 films, the
1.0% CH, film shows the lowest density of defects and
the sharpest 1332-cm™~! Raman line. Between the
highest quality film from regime 1 (0.25% CH,) and the
highest quality film from regime 2 (1% CH,), the 0.25%
CH, film has a much lower density of defects in the top
700 A. The defect density gradually increases towards a

TABLE I. Results from Raman and growth rate analyses.

FWHM of
CH, diamond
concentration peak Domain size Growth rate

(%) (cm™") (nm) (um/h)
Regime 1 0.25 5.6 12.7 0.3

2.0 NA NA >0.3
Regime 2 1.0 10.2 6.8 0.6

4.0 NA NA >0.6
Plasma White 3.1 224 50

Black 4.1 16.9 > 50
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value observed in the 1% CH, film. The 0.25% CH, film
is, therefore, characterized by a slower growth rate, a
sharper Raman line at 1332 cm ™!, and a lower density of
defects. The plasma arc jet film, on the other hand, is
characterized by a much higher growth rate, a much

Relative Intensity (arb. units)

Arbitrary Intensity

14 575

sharper 1332-cm ™! Raman line, and a much lower densi-
ty of defects.

We obtain quantitative information about the density
of defects in the top 1- to 2-um of the films by fitting the
S parameter vs positron implantation energy data to the
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FIG. 1. Raman spectra of diamond films grown by HFCVD and plasma arc jet. Regime 1: (a) natural diamond, (b) 0.25% CH,,
(c) 0.5% CH,, (d) 0.75% CH,, (e) 1% CH,, () 1.2% CH,, (g) 1.4% CH,, (h) 2% CH,, and (j) grafoil. Regime 2: (a) 1% CH,, (b) 2%
CH,, (c) 2.5% CH,, (d) 2.75% CH,, (e) 3% CH,, and (f) 4% CH,. Plasma arc jet: (a) white diamond and (b) black diamond.
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FIG. 2. Diamond content vs FWHM of the 1332-cm ! Ra-
man line for samples grown for conditions of regime 1, regime
2, plasma arc jet, and natural diamond.

one-dimensional positron diffusion equation:!*
D d’c(z)/dz*—d /dz[vyc(z)]
—[k,n,(z)+A,Jc(z2)+P(z,E)=0, (1)

where c (z) is the positron volume density at depth z, v, is
the field-dependent positron drift velocity, n,(z) is the
atomic fraction of the defect density, k, is the specific
positron trapping rate, A, is the positron bulk annihila-
tion rate, and D, is the positron diffusion coefficient re-
lated to the positron diffusion length by
L, =(D, /A;)""%. The most relevant parameter is the
positron diffusion length which is sensitive to the pres-
ence of defects in the film. The positron implantation
profile, used in the solution of this diffusion equation, is
given by

P(z,E)=(m /zy)(z/2y)™ 'exp[ —(z/z,)"] , )

where z,=1.13z, Z=(a, /p)E" is the mean implantation
depth at energy E in keV, p is the density of the sample in
g/cm?,

a,=3.32 pg/cm? keV'6

m =2, and n=1.6. In this analysis, the measured S pa-
rameters are represented by

§= 2S1f1+ssurffsurf ’ (3)
!

where f is the fraction of the positrons in the Ith layer,
fsurr 18 the fraction of the positrons returning to the sur-
face, S; is the value of the S parameter characteristic of
the Ith layer, and S is the S parameter for the surface.
Our results for the positron diffusion length range from
5 nm in the 1% CH, HFCVD film to 150 nm in the
white diamond film (a range of 100 to 300 nm has been
reported for natural diamond'®). Using the measured
positron diffusion lengths and a specific positron trapping
rate of 10'* s™!, we calculate the concentration of defects
[number of defects (cm%)/number of atomic sites
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(cm™?)] in each film; these range from about 0.13 in the
1% CH, HFCVD film to 6.8X 107> in the white dia-
mond film, respectively. The correlation between the
FWHM of the Raman line of diamond and the positron
diffusion length is clearly shown by the semilogarithmic
plot in Fig. 5. Whereas the FWHM of the Raman line
provides information about defect-free regions in the film
via phonon scattering from defects such as twins, stack-
ing faults, and dislocations, etc., the positron diffusion
length is a direct measure of the atomic scale defects be-
cause of their deterministic effect on positron diffusion in
the film. These data clearly show that the positron
diffusion length is an order of magnitude more sensitive
to defects than the FWHM of the diamond line in the
Raman spectrum.

Nature of defects in the bulk

In order to understand better the nature of the defects,
we have measured the positron lifetime spectra for
regime-2 films that are relatively much thicker (8 to 25
pm) than regime-1 films. The regime-2 films, therefore,
provide sufficient stopping power for the [-decay posi-
trons from the **Na source. A typical positron lifetime
spectrum is shown in Fig. 6. These spectra can be
resolved into four exponentials and the results are plotted
as functions of CH, concentration in Fig. 7. As stated
above, the positron lifetime is a direct measure of the
electron density at the site of the positron at the moment
of annihilation. Knowledge about the nature of the de-
fects is facilitated by the following identification: (1) the
component of lifetime, 7,=3.28+t0.08 ns represents
pickoff annihilations of the triplet state of the positroni-
um atom (o-Ps).!” Since the positronium atom is not
formed in the dense diamond lattice and/or even in
monovacancies, this long-lived component reveals the ex-
istence of microvoids in the films. Although we cannot at
present obtain the exact size of the microvoids, we can
nonetheless estimate, by utilizing the known relationship
between the o-Ps lifetime and the size of the voids in or-
ganic molecular solids,'® a radius of about 4 A for an as-
sumed spherical shape of the microvoids. The constancy
of 7, shows that the average size of the microvoids
remains independent of CH, concentration, although its
intensity (I,) differs from film to film. The variations in
I, reflect how the density of the microvoids changes in
films that were deposited for different CH, concentra-
tions in the HFCVD reactor. We argue in the following
that this variation of the density of the microvoids is
closely related to the competing growth rates for dia-
mond and graphite in the films.

Another long-lived component of lifetime 0.82 <,
>0.65 ns represents o-Ps annihilations from different re-
gions in the film. A shorter o-Ps lifetime in these regions
means that either they are smaller in size than 4 A, or the
electron density in these regions is much higher than the
electron density in the 4-A-radius microvoids represented
by 7,. Additionally, whereas 7, remains constant for all
regime-2 films, 7; changes as a function of CH, concen-
tration. It is clear that these films contain two very
different open-volume regions whose atomic scale dimen-
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sions and electron densities can be probed by the posi-
tronium atom. In the following we argue that the size of
the microvoid is not the only difference between these
two microscopic regions. Otherwise, 7; and 7, should
have behaved in a similar manner for all HFCVD films.
We suggest that whereas 7, reveals microvoids of con-
stant size and electron density, 7; represents graphite

(a)

14 577

and/or amorphous regions in the films. Since the elec-
tron density in these latter regions is expected to be much
higher than that in the open-volume microvoids, 7
should be, in agreement with our observation, smaller
than 7,. Thus, as the CH, concentration is increased
from 0.25% to 2%, the relative abundance of the graphi-
tic and/or amorphous regions increases (as confirmed by

(b)

. &

*)" ‘
1 au UTAEN

FIG. 3. Typical SEM micrographs for different diamond films: (a) 0.25% CH, of regime 1, (b) 2% CH, of regime 1, (c) 1% CH, of
regime 2, (d) 2.5% CH, of regime 2, (¢) white diamond of plasma arc jet, and (f) black diamond of plasma arc jet.
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the Raman data, for example) and, consequently, 75 de-
creases. Under these conditions, the relative intensity I
should be a direct measure of the density of the graphitic
and/or amorphous regions in the films. This is confirmed
by a linear relationship (Fig. 8) between I and the sum of
the intensities of the 1350 and 1580-cm ™! Raman lines
that are characteristic of the sp2-bonded graphitic re-
gions.

The component of lifetime 7,=(0.2431+0.002) ns and
I1,=(75.8%£1.0)% that remains independent of CH, con-
centration originates primarily from positrons trapped in
monovacancies in the film. That 7, represents vacancies
in the film can be established only after resolving the fol-
lowing issue: Could this component be due to the annihi-
lations of positrons in the silicon substrate on which the
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FIG. 4. The S parameter vs positron implantation energy for
HFCVD and plasma arc jet films: (a) 2% CH,, regime 1; (b)
0.25% CH,, regime 1; (c) 4% CH,, regime 2; (d) 1% CH,, re-
gime 2; (e) white diamond; and (f) black diamond. The solid
curves represent weighted least-squares fits of the positron
diffusion equation (1).
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FIG. 5. The positron diffusion length vs FWHM of the 1332-
cm~! Raman peak for HFCVD and plasma arc jet films. The
positron diffusion length for natural diamond is taken from Ref.
16.

HFCVD films were deposited? This possibility will yield
a component with a mean lifetime between 0.22 ns and
0.27 ns that are known to be the lifetimes of positrons an-
nihilating in crystalline silicon and vacancy in silicon, re-
spectively.!” We have measured vacancy concentrations
on the order of 10~ in similar Czochralski-grown silicon
wafers.!” It is conceivable that such low levels of defects
could have been produced in the substrate during the ear-
ly stages of the growth of the film while the silicon sub-
strate was continuously bombarded with the hydrocarbon
radicals and hydrogen. What makes matters even more
complex is the fact that the substrates used in the
HFCVD growth were usually boron-doped p-typed sil-
icon in which the positron lifetime is 0.245 ns.?’ It is
therefore possible that , represents contributions from
the annihilations of the positrons in the p-type silicon
substrate, vacancies in the silicon substrate, and dia-
mond. That the component of lifetime 7, originates pri-
marily from annihilations in the diamond film, as op-
posed to annihilations in the silicon substrate, is support-
ed by our observation that the intensity of this lifetime
component (I, ), measured for a number of films, does not
change significantly even though the film thickness is in-
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10
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Channel Number
FIG. 6. Typical positron lifetime spectrum measured for dia-
mond film grown for 19% CH, of regime 2.
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creased from 8 to 25 um. If this lifetime component had
any significant contribution from the substrate, then its
lifetime 7, and/or intensity I, would exhibit a change as
the number of the positrons reaching the substrate dimin-

ishes with increasing thickness of the diamond film. In
order to resolve this issue, clearly, we have measured the
positron lifetime spectrum for a self-standing and thick
arc jet produced diamond film whose thickness (~ 500
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FIG. 8. Relative intensity I; vs sum of the intensities of the
1350 and 1580 cm ™~ ! Raman peaks.

pm) is several times the maximum penetration depth of
the **Na positrons. Again, in the lifetime spectrum of
this self-standing and sufficiently thick diamond sample,
we have resolved four lifetime components with
7,=(0.08£0.003) ns; 7,=(0.23+0.02) ns, I,=(24.7
*1.1)%; 7,=(0.53%£0.09) ns, I;=(4.3 £1.5)%; and
74=(2.10£0.20 ns, I,=(1.8+0.2)%. These results are
in good agreement with those obtained for the regime-2
diamond films. They strongly support the validity of the
four lifetime components resolved in the HFCVD films
and further show that the lifetime component 7, for the
regime-2 films arises from annihilations in the diamond
film. In spite of markedly different growth parameters,
the HFCVD and plasma arc jet grown films contain mi-
crovoids (represented by 7,), amorphous regions
(represented by 7;), and vacancies (represented by T,).
Apparent differences in the sizes of the microvoids and
defect densities between the diamond films grown by
these two techniques are not surprising. The lifetime of
the shortest-lived component 7, in the 1% CH, HFCVD
film is (0.140+£0.015) ns. This agrees reasonably well
with (0.131+0.004) ns, measured previously for a
different CVD film® and is to be compared with the posi-
tron lifetime of 0.116 ns in crystalline diamond. The de-
crease in 7, with increasing CH, concentration reflects, in
accordance with the two-state trapping model,*! positron
trapping by an increasing concentration of defects in the
films. The behavior of 7,, therefore, reflects changes in
the defect density for the regime-2 diamond films.

Film growth versus defects

In order to gain an insight into the growth process, we
plot in Fig. 9 the average growth rate, obtained from
profilometer measurements, vs CH, concentration for
regime-2 films. These data are consistent with a competi-
tion between the relative growths of the sp*-bonded dia-
mond and sp2-bonded graphitic structures in the films.
As shown clearly by the Raman and SEM measurements,
the films deposited for low CH,4 concentrations are rich in
the sp3-bonded diamond structure and they are charac-
terized by a relatively low growth rate. With increasing
methane concentration up to about 2.5%, the sp 2.bonded

Methane Concentration (%)

FIG. 9. Average growth rate vs CH, concentration for
regime-2 films.

graphitic structure is favored and it develops with an in-
creasing growth rate. For CH, concentrations >2.5%,
the competing processes must balance so as to produce a
predominantly sp’-bonded structure at slower growth
rates. The average growth rate of the HFCVD films and
the density of the microvoids (reflected by I,) exhibit a
strikingly similar behavior with CH, concentration.
Both increase with increasing CH, concentration, reach
their respective maximum ~2.5% CH,, and decline for
higher CH,4 concentrations. Clearly, the average growth
rate and the density of the microvoids are closely related.
This correlation is further supported by the S parameter
measured for the HFCVD films by using the beta-decay
positrons from a ??Na source. These data are shown in
Fig. 10 and they are consistent with a change in the quali-
ty (high vs low crystalline order) of the film as CH, con-
centration is varied. It is seen that the S parameter in-
creases from (0.425 +0.001) to (0.442+0.001) as CH,
concentration is increased from 1% to 2.5%. Beyond
this concentration, the S parameter turns over and de-
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FIG. 10. The S parameter vs CH, concentration for the
HFCVD films.
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creases to about 0.435 at 4% CH, concentration. It is
well established that the S parameter increases upon posi-
tron trapping in defects. The initial increase in the S pa-
rameter is thus a reflection of an increasing concentration
of defects as the films evolve from a purely diamond ma-
terial to another containing both diamond and graphite.
The following decrease in the S parameter indicates a de-
creasing defect density as the films change from a mixed
phase of diamond and graphite to a purer graphitic sam-
ple. The fact that the S parameter for the 1% CH, film is
lower than the S parameter for the 4% CH, film shows
that the almost purely diamond film is of higher crystal-
line quality than the mainly graphitic material. Similar
correlations between the growth rate and defect density
have been seen previously with use of totally different
techniques.??
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IV. CONCLUSIONS

In conclusion, we have presented results on micro-
structural defects in HFCVD and plasma arc jet diamond
films; these films contain vacancies, microvoids, and gra-
phitic and/or amorphous regions with concentrations
ranging from 0.13 to 6.8 X107 °. We have presented evi-
dence for important correlations between defects and
growth rate and properties of the films. The best quality
diamond film has the lowest growth rate and also the
lowest density of the microvoids. The film grown at the
highest rate also develops a much higher density of the
microvoids. The FWHM of the 1332-cm ! Raman peak
has been correlated, for the first time, with the positron
diffusion length in diamond films. The positron diffusion
length is much more sensitive to the presence of defects
than the FWHM of the 1332-cm ™! Raman line.
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FIG. 3. Typical SEM micrographs for different diamond films: (a) 0.25% CH, of regime 1, (b) 2% CH, of regime 1, (c) 1% CH, of
regime 2, (d) 2.5% CH, of regime 2, (¢) white diamond of plasma arc jet, and (f) black diamond of plasma arc jet.



