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Diamond and diamondlike thin films produced by various chemical-vapor-deposition processes
have been examined using Raman spectroscopy. These films exhibit features in the Raman spectra,
suggesting that they are composites of crystalline and amorphous diamond and graphitic structures.
The components of this composite structure that contribute to the Raman scattering are discussed
in terms of sp?- and sp3-bonded structures. The use of Raman spectroscopy as a technique for es-
timating the sp2-to-sp’ bonding ratio is considered. Powder composites of BN-diamond and
graphite-diamond have been studied as a means of modeling the films, and a simple theoretical mod-
el of the Raman scattering from these samples is proposed. From these results it is shown that it is
necessary to make assumptions about the domain size of the graphitic sp? regions. It is found that
the Raman scattering associated with sp? bonding in the films is much stronger than that from
single-crystalline or microcrystalline graphite structures. Shifts of the vibrational modes are also
observed. The optical and vibrational properties of the sp? component in the films implies a
different atomic microstructure. A model of the sp2-bonding configurations in the films is proposed

which may account for the observed features in the Raman spectra.

I. INTRODUCTION

Considerable attention has been focused recently on
the growth of carbon films by plasma-enhanced
chemical-vapor deposition (CVD) or similar methods.'™*
The carbon films produced have generally been described
as diamond>*? or diamondlike.>'®!! Some of these films
have exhibited properties such as hardness, thermal con-
ductivity, and optical band gaps which approach that of
natural diamond. The films can be used as heat- and
chemical-resistant optical coatings, and wear resistant
mechanical coatings. Another application is for novel
electronic devices. The mobilities of diamond are larger
than those of Si, and the large band gap offers the possi-
bility of high-temperature and/or high-power devices.

The CVD techniques use plasma or hot filaments or
other methods to excite mixtures of methane or other hy-
drocarbon gases diluted in hydrogen. Typical gas ratios
are 1% methane with a pressure of 30 torr. Substrate
temperatures of 700-900°C are often used. Variation in
the process parameters leads to the formation of films
with graphitic structures. Graphite is the stable crystal-
line form of carbon at ambient conditions, while diamond
is metastable. The two crystalline forms exhibit different
bonding often characterized as sp* for diamond and sp?
for graphite. These two bonding configurations result in
significantly different vibrational spectra, and Raman
spectroscopy has proved particularly sensitive to the
different structures. '>!3

The question arises as to whether these various struc-
tures may coexist in CVD diamond and diamondlike
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films (i.e., the films are actually composites of the dia-
mond and graphite structures discussed above). In a re-
cent paper, 2 we explored these possibilities by examining
the Raman spectra of diamond and diamondlike thin
films. In this paper, we demonstrate the compositional
nature of the films using Raman spectroscopy. The
features of the different carbon structures are first
identified. The features appearing in the Raman spectra
of the films are compared to those of different carbon
bonding structures, and the results are discussed in light
of the composite structures present. We will also de-
scribe how the components of the composite can affect
the corresponding Raman spectrum.

Several authors'*~ !¢ have proposed methods to deter-
mine the sp2-to-sp® bonding ratio in the films. The Ra-
man technique may also be appropriate for making this
determination. With this in mind, we have attempted to
model the Raman scattering in the films by preparing
composites of powders of boron nitride-diamond and
graphite-diamond. The Raman results of the composites
prepared from powders of BN and diamond and from
graphite and diamond are presented, and a simple
theoretical model of the Raman scattering is discussed.
The Raman spectra from the diamond thin films also in-
dicate that the optical absorption and Raman peak posi-
tion of the sp2-bonded structures is significantly different
from that of natural graphite. We consider a model of
these structures, similar to models proposed for a-C, in
which the sp? bonding in the local microstructure is ter-
minated in sp>-bonded sites. This model may account for
the observed features in the Raman spectra.
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II. EXPERIMENT

The Raman-scattered light spectra were taken using
the 5145-A line of an Ar* laser. The diamond and dia-
mondlike thin films were mounted in the backscattering
configuration, and the scattered light was focused into a
Spex model 1403 spectrometer equipped with a third
monochromator and holographic gratings. A photomul-
tiplier tube with photon-counting electronics was em-
ployed, and the entire system was controlled using an
IBM PC/AT computer. The software used is unique in
that it allowed for a single scan to be separated into
several scanning regions.

In order to model the ratio of sp-to-sp* bonding in di-
amond thin films, composites of boron nitride-diamond
and graphite-diamond powders were examined. These
powders were obtained from commercially available
sources.!”!® Boron nitride was chosen because of its
similar crystal structure to graphite, although, unlike
graphite, it is optically transparent in the visible region so
that effects on the Raman spectra due to absorption
could be neglected. The diamond powder was slightly
gray in appearance and of ~1 um crystallite size. The
graphite powder was black and very cohesive, and the bo-
ron nitride was white and also cohesive. Both materials
contained crystallites of 3040 um size. Admittedly, this
is large for our purposes, but we were primarily interest-
ed in the effects on the Raman spectra of the relative con-
centration of diamond in the composites. The examina-
tion of effects due to crystallite size was left for later.

The composites were created as follows; appropriate
amounts of boron nitride and diamond powder were
weighed, and the relative concentrations determined. We
used wt. % (corrected for the atomic mass difference be-
tween BN and 2C) to describe the composites. In this
way a 50% mixture would have the same number of B—
N and C—C “molecules.” The powders were then mixed
using a mortar and pestle, and the resulting composites
lightly pressed into aluminum sample holders. This pro-
cess was then repeated for the graphite and diamond
powders. These samples were also mounted in the back-
scattering configuration, and the Raman spectra were
taken.

III. RESULTS AND DISCUSSION

A. Carbon film structures

The two common phases of carbon are graphite and di-
amond and both of these may be produced in the CVD
process. Diamond is characterized by fourfold-
coordinated sp? bonding of O, symmetry.'® Figure 1(a)
shows the first-order Raman mode of natural diamond at
1332 cm~!. This mode corresponds to a single triply-
degenerate zone-center optical phonon, and is within 2
cm ™! of the highest-energy mode in the phonon disper-
sion curves of diamond. The threefold-coordinated sp2-
bonded structure of graphite may also be formed. The
first-order Raman mode of graphite®® at 1580 cm ™! is
shown in Fig. 1(b). It is important to note that either
crystalline or amorphous structures may be formed dur-
ing deposition. By amorphous, we mean a network in
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FIG. 1. Raman spectra of (a) diamond, (b) graphite, and (c)
microcrystalline graphite. The solid lines in (a) and (b)
represent the first-order spectra of crystalline diamond and
graphite, respectively. The line in (a) labeled a is the spectrum
of a-Si scaled to the diamond frequency to represent the spec-
trum of amorphous diamond, while the line in (b) labeled a is
that due to amorphous graphite (from Ref. 21).

which the local atomic bonding in the structure would be
approximately tetrahedral for amorphous diamond, and
planar threefold coordinated for amorphous graphitic
structures. To our knowledge, the Raman spectra of
amorphous diamond has not been reported, but assump-
tions can be made for its appearance by comparison to
the spectrum of @-Si. In Fig. 1(a), we have scaled the Ra-
man spectrum of a-Si to that of diamond using the ratio
of the first-order Raman modes of the crystalline form of
these two materials (520 cm~'/1332 cm™!). The Raman
spectrum of amorphous graphite has been reported,?!
and the spectrum is overlayed on that of natural graphite
in Fig. 1(b). Figure 1(c) shows the Raman spectrum of
microcrystalline graphite. In this case the scattering at
1355 cm ! is due to disorder-induced scattering from a
strong peak in the vibrational density of states.?® An im-
portant point of the comparison of these spectra is that
sp> bonding yields Raman peaks at 1332 cm ™! or lower,
while sp? bonding yields strong scattering with peaks
ranging from 1355 to ~ 1600 cm ..

B. Diamond and diamondlike thin films

The Raman spectra of three carbon films produced un-
der differing deposition conditions are shown in Fig. 2.
Spectrum (a) shows features at 1355 and 1580 cm™!
which are similar to those associated with microcrystal-
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FIG. 2. First-order Raman spectra of diamond thin films. (a)
Diamondlike film with features similar to microcrystalline
graphite. (b) and (c) The sharp feature at 1322 cm ™' is indica-
tive of crystalline diamond, while features between 1350 and
1600 cm ! are attributed to sp2-bonded carbon.

line graphite.?’ This type of film is generally described as
“diamondlike” because of its physical properties such as
semitransparency and hardness which are similar to dia-
mond.??> We have reported!? the appearance of a peak in
the second-order Raman spectrum of this material at
~2940 cm™! which is a combination of the two first-
order modes given above. This peak indicates that both
first-order modes are generated from the same region of
the sample. Therefore, this type of film is predominated
by sp*-bonded microcrystalline graphitic structures, and
is not considered a composite film. Regions of sp* bond-
ing may exist in the film, but are not detected in the Ra-
man scattering.

Spectrum (b) is dominated by the diamond peak at
1332 cm ™!, but also contains a broad feature at ~ 1500
cm™ ! which has been ascribed to regions of highly disor-
dered graphite? or amorphous carbon.?? As stated previ-
ously, the 1332-cm ™! mode of diamond is essentially the
highest-energy vibrational mode of that structure; thus,
none of the features in the Raman spectrum with energy
higher than 1332 cm™! can be attributed to diamond
structures of long-range order. In comparison, spectrum
(c) appears to be a linear combination of the features in
(a) and (b). A peak at 1490 cm ™! is now the strongest
feature in the spectrum, but the features of diamond and
graphite structures are clearly seen. An additional
feature is observed at 1140 cm ™! which is not observed in
the other spectra. It has been proposed that this feature
is due to disordered sp*-bonded carbon which forms as a
precursor to diamond formation.'? Note that the peak at
~1550 cm™! is down-shifted from the position of the
first-order mode of graphite (1580 cm ™ !). This effect will
be examined in more detail in Sec. III E. The two films
described in (b) and (c) are often termed diamond films
because of the presence of crystalline diamond. In this
study, it is found that the size and absorption properties
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of these sp2- and sp*-bonded domains strongly affect the
relative strengths of the Raman features described above.
This will be discussed later in conjunction with the
powder composition results. The details of Raman
scattering from different carbon structures has been dis-
cussed elsewhere, 12 50 a brief overview of Raman scatter-
ing from composites is presented.

C. Composite properties

In order to examine the Raman scattering from com-
posites, three length scales are considered: micrometer
scale, microcrystalline, and atomically disordered. (The
term microcrystalline is used to represent submicrometer
sizes typically less than 100 nm.) For micrometer-scale
constituent materials, the Raman spectrum should ap-
pear as a linear combination of the features of the bulk
materials. The absolute and relative intensities of the
features will be strongly affected by the optical absorption
of the two materials. These effects are clearly seen in the
graphite-diamond composites where graphite is highly
absorbing and diamond is effectively transparent in the
visible range. Relative concentration and crystallite size
are also very important to the resulting Raman spectrum.
The details of these effects will be discussed later. As the
domains decrease to microcrystalline scales, features
should begin to appear in the Raman spectrum due to
size effects associated with the breakdown of the conser-
vation of wave vector.? Vibrational modes of the small
crystallites are described as phonons with an uncertainty
in the wave vector (Ak ~2w/d, where d is the domain
size), and the momentum selection rules for the Raman
process are, therefore, relaxed. The absorption depths
and the phonon decay lengths for the constituent materi-
als will generally be larger than the domain size. If the
phonons are confined to the different regions, then the
spectra will again be a superposition, but of microcrystal-
line components. Diffraction of the incident light will
more uniformly illuminate the composite than would be
the case for a micrometer-scale sample, and for very
small domains optical absorption will not affect the rela-
tive intensities. If an atomically disordered composite
were possible, the Raman spectrum would become the
average of the vibrational and electronic properties of the
disordered network. This spectrum would be quite
different from the features of the bulk materials.

D. BN and diamond composites

Several of the Raman spectra taken from the BN and
diamond composites are shown in Fig. 3. The two peaks
exhibited are the first-order Raman mode of diamond at
1332 cm ™! and the first-order mode of BN which has
been shown previously to occur at 1366 cm ™~ '.2* The rel-
ative concentration of diamond in the samples ranges
from ~10% up to 66%. As is to be expected, the rela-
tive intensities of the two peaks change in proportion to
the concentration of diamond present in the composite.
If the ratio of the peak intensities of BN and diamond
versus concentration of diamond in the samples is plot-
ted, Fig. 4 is obtained. The data follow a smooth curve
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FIG. 3. First-order Raman spectra of the composites of dia-
mond and BN powders. The relative concentrations of diamond
in the samples are (a) 15%, (b) 20%, (c) 35%, (d) 55%, and (e)
67%. The features due to diamond (D) and BN are identified.
The spectra have been multiplied by the indicated value.

which might be fitted very well using an appropriate
model of the Raman scattering from composites.

In order to model the BN and diamond composites, we
must understand the various parameters which effect the
intensity of the Raman signal from these materials.
Loudon?* demonstrated that for a sample mounted in a

|
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FIG. 4. Ratio of peak intensities (I, /Ign) vs relative concen-
tration of diamond in the composite samples. Theoretical best
fit assumes apy /ap ~2.9.

backscattering geometry, the scattering intensity is given
by

I=1,S/S +a,+a,{1—exp[—(S +a,;+a,)L]}, (1)

where S is the scattering efficiency, I, is the incident in-
tensity, L is the sample thickness in the direction of the
incident laser light, and «; and «a, are the absorption
coefficients at the respective frequencies of the incident
and scattered light. Wada and Solin®> showed that this
equation could be modified to give the ratio of the
scattering intensities of two different materials:

1 AQ 1—R

where S has been redefined in terms of a scattering effi-
ciency, A, and a summation over the inner product of the
Raman tensor, R, of the degenerate first-order mode and
the polarization units vectors of the incident and scat-
tered light, €, and €,. I is the scattering intensity of the
material being compared, and I, represents the scattered
intensity from the diamond power. I is the incident in-
tensity. A is the solid angle into which light is scat-
tered, and the term in R corrects for reflection of the
scattered light at the sample surface and multiple
reflections in the sample as in diamond. Here, ; and a,
are the previously defined absorption coefficients of the
material to be compared to diamond since it has been as-
sumed that diamond is transparent to the visibile laser ra-
diation. The formulation assumes that 1/a <L for the
material to be compared to diamond.

If we now apply Eq. (2) to the composite samples,
several approximations can be made. Since the Raman

signal is being collected from a region of discrete parti-
cles, the values for L, and AQ are the same for both ma-
terials. Also, our model will neglect the reflection losses
due to light scattering between the BN and diamond par-
ticles. Finally, note that the last term in Eq. (2) provides
unique values for the summations if the polarization
directions of the incident and scattered light are known a
priori. Since the BN and diamond composites contain
particles of completely random orientation, an angle-
averaged value of the summations over all possible polar-
ization directions must be taken.

Using the above model, the ratio of the Raman-
scattering intensities of diamond to BN may be written

I, 44pNpVp a
Ien  3ApNpnVen

where A’ is the angle- and polarization-averaged scatter-



3742

ing efficiency per nearest-neighbor bond, N is the atomic
density of BN or diamond, and V is the volume of materi-
al which is actually sampled by the Raman scattering.
The factor of %+ accounts for the fact that diamond con-
tains four nearest neighbors and BN has three nearest
neighbors at each site. In terms of Pp, the atomic per-
centage of diamond, NpV,, /NgnyVen =Pp/(1—Pp), so
that Eq. (3) becomes

I, 44
Ign 343y

Pp
I_PD

. (4)

The first-order Raman mode in both diamond and BN is
a bond-stretching mode. Using Eq. (4), we find excellent
agreement with the data shown in Fig. 4 if the value for
the ratio of the scattering efficiencies, 4,/ Ay, approxi-
mately equals 1.6. Using the fact that the ratio of the
bond densities of diamond and BN is ~2, then
Ap/Agy~3.2 (where A, and Apgy are the scattering
efficiencies per unit volume). This value is applicable to
the BN and diamond powders, but not necessarily to the
bulk materials.

E. Graphite and diamond composites

Since our model provides such good agreement with
the data obtained from the BN and diamond particle
composites, it might be modified to accurately predict the
relative concentration of diamond in other types of com-
posite samples. We have therefore extended this analysis
to composites of graphite and diamond to determine if
the same close agreement between theory and experiment
might be found. Composite samples were prepared, and
several of the Raman spectra obtained from these sam-
ples are shown in Fig. 5. The diamond peak at 1332
cm ™! is now accompanied by the first-order Raman mode
of graphite?® at 1580 cm ~!. The relative concentration of
diamond in these samples ranges from ~ 1% up to 60%.
It has been previously reported that the Raman efficiency
of graphite is ~ 50 times larger than that of diamond.?
An interesting aspect of these spectra is that the ~1%
diamond composite displays a 1:1 ratio between the peak
intensities of the first-order modes of diamond and graph-
ite. At 50% diamond, it is seen that the peak due to
graphite has practically disappeared. Thus the absorp-
tion of graphite has a significant effect on the Raman
spectra of the composites, and is shown in the large
disparity of the absolute intensity scales of the samples.
This may be compared to the Raman spectra of the BN
and diamond composites in Fig. 3 in which the absolute
intensity scale is the same for all samples.

Again, the model described for the BN and diamond
samples may be extended to the graphite and diamond
composites if the effect of optical absorption due to
graphite is included. Therefore, Eq. (3) can be written

In _4A4jpNyV,  4ARNLYV, (Vg

I 3ALNGVE 3ALNgVg |V

) (5)

where Vi /V represents the fraction of each graphite
particle sampled in the Raman process. Since the parti-
cle size is larger than the absorption depth of the graph-
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FIG. 5. First-order Raman spectra of the composites of dia-
mond and graphite powders. The relative concentrations of dia-
mond in the samples are (a) 1.3%, (b) 6.6%, (c) 21.5%, and (d)
50.0%. The features due to diamond (D) and graphite (G) are
identified. The spectra have been multiplied by the indicated
value.

ite, this term accounts for only that portion of each
graphite particle contributing to Eq. (5). Again, light in-
cident on a diamond particle will sample the entire parti-
cle in the Raman process. Equation (5) can now be writ-
ten in terms of Pp, the percentage of diamond in the
composites:

I, 44,

I; 34¢

Pp
I_PD

Vs
Ve

. (6)

From this analysis, it becomes apparent that the size and
shape of the crystallites will affect the observed ratio of
the Raman peaks. The geometric and absorption factors
are accounted for in the V /V term. At the 5145-A ex-
citing wavelength, graphite has an absorption depth®® of
~300 A. For simplicity, we have assumed that the
graphite particles are cubic, and oriented with a flat sur-
face toward the beam. Because the scattered light must
also exit the absorbing region, the volume of graphite
sampled will be a thin layer, ~150 A thick, across the
top of each graphite “cube.”

It is important to note that the value for V /V; would
increase for decreasing crystallite sizes, suggesting the
graphite features would then appear more strongly in the
Raman spectrum of very-fine-grain particles. The results
of this model are demonstrated in Fig. 6, where the ratio
of the two peaks versus concentration of diamond is
again plotted along with several fitting curves based on
Eq. (6). For these calculations we have determined
Ap/A; as follows. The ratio of the scattering
efficiencies per unit volume was reported by Wada and
Solin to be ~1/50.26 They noted a significant uncertain-
ty depending on which values of the optical constants
were used.”” In our model we have considered the
scattering in terms of the number of nearest-neighbor
C—C bonds. The ratio of the bond density of graphite to
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FIG. 6. Ratio of peak intensities (I /I;) vs relative concen-
tration of diamond in the composite samples. The solid lines
are derived from Eq. (6) assuming an average graphite particle
size of 30, 10, and 1 pm, respectively.

diamond is 0.48. Thus the value of Ap/A; will be
~1/100 in terms of scattering per nearest-neighbor bond.
Theoretical curves are shown assuming “cubic” graphite
particles of 42, 30, 10, and 1 um size. The model, using
42-um “‘cubes,” follows the data very well. The curves
for 10 and 1 pum particle size indicate that the diamond
peak would begin to dominate the spectrum only at high
concentrations of diamond. Clearly the observed ratio is
strongly dependent on the crystallite size.

The model reaches a limit where the crystalline
domains are smaller than the absorption length of the ab-
sorption regions. In this limit, the value of Vg /V; be-
comes 1 and the effects of absorption can be ignored.
The relation is then the same as that for two transparent
materials as in Eq. (4).

F. Graphitic bonding in diamond films

While the Raman spectra of the CVD carbon films
show diamond crystal structures, they also display
features indicating sp? bonding in the films. The Raman
spectra of one of the films are compared to highly orient-
ed pyrolytic graphite (HOPG) and microcrystalline or
“glassy” carbon in Fig. 7. The features in the film are
broader than those of the graphitic compound, but they
clearly represent the presence of sp? bonding. Spectrum
(a) of HOPG and (b) of glassy carbon display the 1580-
cm ™! peak characteristic of crystalline or microcrystal-
line graphite. We also note again that the highest-
frequency peak in the film is down-shifted from that of
the graphitic materials. The absolute intensity scales of
the graphitic materials are approximately equal. By com-
parison, the Raman spectrum of the composite diamond
thin film in Fig. 7(c) shows an absolute intensity scale
~ 15 times greater than that of HOPG or glassy carbon.
This implies that the features in spectrum (c) at 1355 and
1580 cm ™! must be associated with structures having op-
tical properties quite different from those of graphite.

The two parameters related to the bonding structure
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FIG. 7. First-order Raman spectra of (a) highly oriented py-
rolytic graphite, (b) glassy carbon, and (c) diamond thin film
produced by microwave-plasma-excited CVD. The spectra
have been multiplied by the indicated value.

which can affect the absolute Raman intensity are the
scattering cross section, A4, and the absorption
coefficients, a, and a,. Since the Raman cross section for
diamond is less than that for graphite, we would suggest
that microstructural changes would not tend to increase
the Raman cross section of the sp? regions. Let us, there-
fore, consider the optical absorption. At an sp? site,
three of the four valence electrons form in-plane o bonds,
while the fourth enters a 7 orbital lying perpendicular to
this plane. Note that in graphite the 7 orbitals are not lo-
calized at their respective sp? sites, but can move relative-
ly freely among the C atoms. This does not lead to true
C=C “double” bonds, but nevertheless the 7 bonds con-
tribute to the bond strength of the in-plane bonds. Since
they are weakly bonding, the 7 states lie closest to the
Fermi level, Er. Therefore, 7-7* transitions occur at
lower energies than o-o* transitions and account for the
strong optical absorption in graphite. Savvides'* has con-
sidered the optical properties associated with a-C con-
taining no hydrogen. He demonstrated that in a matrix
of sp? and sp*® sites the density of states at the top of the
valence band decreases as the relative concentration of
sp? sites increases. Therefore, incorporation of sp? sites
into the network leads to an increasing optical gap and,
consequently, lower optical absorption. More recently,
Robertson and O’Reilly?’” have followed the model of a-C
suggested by Wada et al.,” and proposed that an a-C
network should consist of ~15-A graphitic “islands” of
fused sixfold rings surrounded by sp® sites. The 7 bonds
would be broken at the island boundary as a mechanism
for relieving strain in the network. This model also sug-
gests a higher optical gap with decreasing absorption.
The incorporation of very small graphitic regions in
the diamond films could then lead to a lowering of the
optical absorption of the regions and an enhanced Raman
intensity. In this limit, the nearby diamond and graphitic
regions would be uniformly illuminated, and our analysis
would suggest that the Raman scattering from sp’-
bonded materials should be ~100 times stronger than
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that from diamond regions.

We have analyzed the integrated Raman intensities of
the spectra shown in Figs. 2(b) and 2(c). If the integrated
Raman intensities of the sp? and diamond peaks are used,
and the 100-fold difference in scattering efficiencies, we
obtain 87% and 28% diamond, respectively. Trans-
mission-electron-microscopy (TEM) measurements of
films similar to that used to obtain the spectrum shown in
Fig. 2(c) show predominantly diamond structures.®
Therefore, the number of sp? regions is still higher than
would be anticipated from TEM. One possibility of ac-
counting for this enhancement is that the microcrystal-
line regions lead to disorder-induced scattering from the
breakdown in the wave-vector selection rules for the Ra-
man scattering,?’ and this adds an additional correction.

In addition to the apparent optical properties of the sp>
component in the diamond films, we also observed that
the highest-energy feature in the Raman spectra of the
films occurs at ~1550 cm™!, and this is down-shifted
from the expected position of graphite at ~1580 cm ™.
We considered whether this might be due to the convolu-
tion of the 1580-cm ™! peak with the feature due to amor-
phous sp? structures at ~1480 cm™~!. In order to exam-
ine this, we formed a computer-generated linear combina-
tion of the Raman spectra of a diamond thin film and a
sample of microcrystalline graphite, similar to Figs. 2(a)
and 2(c). The various peaks were scaled to approximately
the same absolute intensity as the features in Fig. 2(b).
This “combined” spectrum is shown in Fig. 8(a), and is
compared to other similar spectra from various diamond
thin films. Figures 8(b) and 8(c) were taken from films
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FIG. 8. Comparison of Raman spectra from CVD diamond
films and computer model to examine down shift of highest-
energy peak. (a) Computer-generated Raman spectra assuming
linear combination of spectra of diamond thin film and micro-
crystalline graphite (b) deposited at 1.5% CH,/H, concentra-
tion, (c) deposited at 3.0% CH,/H, concentration, and (d)
“just-nucleated” diamond film with substrate coverage ~ 50%.
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created by a microwave-plasma-excited CVC process in
which the CH,/H, dilution was 1.5% and 3.0%, respec-
tively. The spectrum in Fig. 8(d) was obtained from a
“just-nucleated” diamond sample in which the surface
coverage was ~50%. All three samples show approxi-
mately the same Raman features. The spectra clearly
demonstrate, when compared to Fig. 8(a), that the peak
at ~1550 cm™! must be down-shifted from ~ 1580
cm ™!, and is not due to a convolution of peaks.

Several authors?>2%2% have noted similar down shifts in
the Raman spectra of a-C:H. All of these films contained
> 30 at. % H though, whereas the films examined in this
paper were deposited at temperatures > 800 °C such that
they contained <1 at. % H. Ramsteiner and Wagner?®
also showed that upon annealing their a-C:H films to
600°C almost all H was removed from the samples, leav-
ing sp2-bonded microcrystalline graphite, and the first-
order mode was observed at the unshifted ~1580-cm ™!
frequency. Dillon et al.** have used Raman spectrosco-
py to examine a-C films produced by ion-beam sputtering
and by rf-plasma deposition. The ion-beam-sputtered
samples, containing little H, also showed a down shift in
the first-order mode, but the disorder mode at 1355 cm ™!
was not distinct from the background. Upon annealing
to 400°C, the disorder mode became apparent at ~ 1355
cm ™!, and the first-order mode was slightly down-shifted.
Higher-temperature annealing restored this feature to its
original value. Their analysis focused on the continuous-
random-network models of Beeman®' which assumed
bond-angle distortion and the existence of fourfold coor-
dination in the films to explain the Raman features.

We can now consider both the optical and vibrational
properties of the sp? component in diamond thin films, in
order to provide a clearer picture of the nature of the
bonding. The vibrational properties show two sp? com-
ponents, one similar to amorphous carbon and one that is
graphitic. The peak intensity at 1355 cm ™! indicates that
the microcrystalline domain sizes are less than 30 A.2°
In the light of the disparity in the Raman intensity, the
model proposed by Robertson and O’Reilly?’ seems to be
valid for diamond thin films; namely the sp? graphitic re-
gions are small and are terminated at sp* sites, resulting
in lower optical absorption. This possibility is also con-
sistent with TEM measurements which show that the
graphitic regions apparently lie between regions of crys-
talline or microcrystalline diamond. The decreased den-
sity of 7 states at the top of the valence band would lower
the absorption, and their localization at an sp3 site would
decrease the corresponding bond strength. The weaker
bonding can then account for the down shift in the first-
order Raman mode of the graphitic regions. The graphi-
tic regions do not have to be limited to 15-20-A island
structures, but it seems unlikely that much larger struc-
tures would produce the same results. This is because
larger structures would have a smaller percentage of sites
terminated in sp® bonding; thus, the optical properties
would be more heavily influenced by the bulk structure.
Disordered regions must also be assumed to explain the
appearance of the feature at ~ 1480 cm !, but how this
disorder is incorporated into the polycrystalline film is
uncertain.
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IV. CONCLUDING REMARKS

The Raman spectra of various diamond and diamond-
like thin films have been examined. The features
displayed by the diamond films suggest that they are
composities of sp2 and sp*® bonding. We have attempted
to understand the nature of these films using composites
of BN-diamond and graphite—diamond powder samples.
A simple model of the Raman scattering from these com-
posites has been proposed, and reasonable agreement
with the experimental data has been obtained. This in-
vestigation of graphite and diamond composites demon-
strates that both concentration and crystallite size have
significant effects on the resulting Raman spectra. In dia-
mond films containing regions of diamond and graphite,
it is predicted that the Raman spectra could be used to
estimate the relative concentrations of these regions, but
we emphasize that the sizes of the various domains in the
films must first be known. We have found that the
characteristics of the sp? bonding in the films do not
correlate well to regions of microcrystalline graphite.
The Raman spectra suggest that the optical absorption of
these regions in the visible is less than in natural graphite
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for the wavelength used. Also, a peak exhibited in the
Raman spectra at 1550 cm ™! is down-shifted from the
position of the first-order Raman mode of graphite, but a
peak at 1355 cm ™!, corresponding to a disorder mode in
small graphite crystallites, is still observed. We have pro-
posed a model in which the 7 bonds in the graphitic re-
gions are localized or attached to sp® sites. This model
can account for the features observed in the Raman spec-
tra of the diamond thin films.
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