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Diamond crystals and thin films were prepared by thermal decomposition of methane and hydro-
gen, in the presence of a hot tungsten filament. Raman microspectroscopy investigations were car-
ried out and correlated to scanning-electron-microscopy observations of the crystallization. It is
shown that the diamond Raman signal of individual cubo-octahedric crystals depends on their
orientation with respect to the substrate and on disorder upon growth. The influence of growth
processes on the diamond Raman signal is considered and, in particular, contamination effects by
hydrogen and tungsten impurities are emphasized. As the film crystallization deteriorates from an
assembly of faceted crystals to that of blunted crystals and then to that of ball-like elements, the in-
tensity of the diamond Raman line decreases and broad bands appear. The appearance of these
broad bands is attributed to the presence of an amorphous carbon phase with atoms hybridizing
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with sp? and sp> bonds.

INTRODUCTION

Under normal thermodynamic conditions, graphite is
the stable phase of solid carbon. Diamond is the high-
temperature and high-pressure (HT,HP) thermodynami-
cal phase. Diamond exists in two crystallographic forms:
cubic and hexagonal. The cubic diamond form is the
most commonly encountered. In nature it has a volcanic
origin, while the hexagonal form (lonsdaleite) has been
found only in meteorites. Usually, the term “diamond” is
set for the cubic form, to which we will be referring. The
crystallographic form will be explicated only for the hex-
agonal phase.

The interest is diamond synthesis is due to its excellent
extrinsic physical and chemical properties. Essentially
because of the very strong covalent bond between the car-
bon atoms, diamond shows exceptional insulating proper-
ties. It is the hardest known material. It combines opti-
cal transparency from ultraviolet (the optical gap is 5.5
eV) to infrared, high electron and hole mobilities, and
very good thermal conductivity. It is also chemically in-
ert. When doped with boron, it becomes semiconducting
with a shallow donor level (0.4 eV). For all these reasons,
the technical challenge of diamond synthesis, in the form
of films, is very attractive. Diamond thin-film technology
is of particular interest in the field of optical components
for aerospatial applications and can also play a very im-
portant role in the field of electronics.

The first successes in diamond synthesis at low temper-
ature and low pressure, in the metastable phase, were re-
ported in the Soviet Union by Deryagin! in 1956 and in
the United States by Eversole? in 1958. Diamond growth
on diamond seeds was obtained from a mixture of hydro-
carbon and hydrogen, below or close to the atmospheric
pressure at about 1000°C. Since then, diamond-film syn-
thesis at low pressure and low temperature has been at-
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tempted by using various preparation techniques.
Among the techniques employed, it seems that only
chemical vapor deposition (CVD) can lead to the syn-
thesis of pure diamond films, whether they are hot-
filament assisted,’”® microwave-plasma assisted,’ !¢
plasma-laser assisted,!” or dc-plasma assisted.'® Whatev-
er the CVD technique used, diamond synthesis requires
certain experimental conditions: a mixture of hydrocar-
bon and hydrogen with a very low proportion of hydro-
carbon (< =1%) and a substrate temperature of about
600-1000°C.

Alternatives to CVD techniques, which require a high
substrate temperature, are the C™' (Refs 19 and 20) or C~
(Ref. 21) preparation methods at room temperature.
Other techniques, such as dc or rf sputtering or CVD
with a low substrate temperature, generally lead to a car-
bon solid phase a-C:H.?* When the deposition is made in
the presence of ions, i-C films ( for ion) are obtained.?*
The structure of this type of film is not yet well under-
stood. However, they are often nonhomogeneous and
may contain diamond particles. More generally, films
which have physical and chemical properties more or less
close to that of diamond are named diamondlike carbon
(DLC).**

The different states of crystallization encountered in
DLC films are the consequence of allotropic forms of
solid carbon: diamond, graphite, and carbine, which can
be defined by the types of bonds between carbon atoms.
In diamond, each of the four valence electrons is in an
sp> configuration and is engaged in a o covalent bond
with a neighboring atom. This corresponds to a
tetrahedral configuration of the carbon atoms. In graph-
ite, three of the valence electrons are engaged in o bonds
with neighboring atoms. In the basal plane, the carbon
atoms are in an sp? tetragonal configuration. The fourth
electron is in a = orbital, perpendicular to the basal
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planes which are weakly bonded with each other. Car-
bine denomination embraces all different valence-electron
hybridizations: sp?, and sp>.

Because of all the hybridizations encountered which
confer different physical and chemical properties on solid
carbon phases, it is interesting to look at the nature of the
bonding in the film. This can be done with experiments
whose signal depends on the density of valence states
and/or conduction states, such as ultraviolet photoemis-
sion (UPS), inverse UPS, and electron-energy-loss spec-
troscopy (EELS). Raman spectroscopy is also a very
well-suited experimental technique. The Raman signal
corresponds to inelastically scattered light resulting from
the radiative emission of dipoles induced by the electric
field of the incident light and coupled with atomic vibra-
tions. With Raman spectroscopy, diamond, which has a
phonon density of states very different from other carbon
phases, can be detected without any ambiguity. The Ra-
man signal is very sensitive to short-range disorder and
consequently, it can reveal different forms of amorphous
carbon: a-C or a-C:H. One of the advantages of Raman
spectroscopy is that it does not require special prelimi-
nary film treatment, the experiment being insensitive to
surface effects.

In a previous paper,? results on diamond synthesis
with a hot-filament-assisted CVD technique were pre-
sented. The influence of experimental conditions on
seanning-electron-miscroscopy (SEM) morphology and
on the Raman spectra were analyzed. The results of
SEM and Raman spectroscopy were correlated. Howev-
er, these two characterizations were not performed on the
same scale: the argon laser light of the Raman apparatus
was focused on an area of ~100 um?, whereas SEM
showed more or less faceted elements with dimensions of
only a few micrometers.

In order to go further in our interpretation, Raman mi-
crospectroscopy investigations have been carried out. As
will be shown, this method is appropriate because of the
spatial resolution, which is of the same order as the di-
mension of the deposited elements in the films. In Sec. I,
the preparation technique and the Raman microspectro-
photometer are briefly described. In Sec. I1, experimental
conditions for diamond growth are presented. In Sec.
ITII, Raman microspectra of deposited crystals of a few
micrometers in size and in different shapes are described.
The influence of bonding (graphitelike or diamondlike) on
the Raman spectra and its modification by defect in-
clusions, hydrogenation, and amorphization are ana-
lyzed.

II. EXPERIMENT

A. Preparation technique

Diamond films were deposited by hot-filament-assisted
CVD. The tungsten filament was placed 1 cm in front of
the substrate. Methane and hydrogen were introduced
near and between the filament and the substrate. The to-
tal pressure was 3000 Pa and the total flow rate was 15
sccm (cubic centimeters per minute at STP). The propor-
tion of methane in hydrogen was varied between 1 and 4

vol % Si(100) wafers, Mo foils, or Mo films deposited on
stainless steel were used as substrates. Electron bom-
bardment of the substrate was achieved by positively po-
larizing it to 200 V. During deposition, the substrate
temperature was kept constant by control of the oven
surrounding the whole system which was placed in a
quartz tube. Most of the depositions were done with a
1100-K substrate temperature, a 2400-K filament temper-
ature, and a 3-h reaction time. Prior to deposition, the
whole system was evacuated to 10~ * Pa and heated up to
1270 K.

B. Raman spectrophotometer

Raman microspectroscopy has been carried out with a
Dilor Laser Raman Modular XY spectrophotometer. The
region of observation was located with a standard optical
microscope, operating in reflection. The halogen light of
the optical microscope was replaced by the argon laser
light with exactly the same light path through the micro-
scope and the laser light was focused exactly at the region
of observation. Areas as small as 1 pum were probed.
After reflection from the sample and passing through the
microscope, the scattered light was analyzed with a dou-
ble subtractive monochromator, used with a large band
filter to eliminate the laser light. A multichannel detec-
tor, mounted with 512 elements, was directly interfaced
with a computer which controlled the position of
diffferent optical elements and processed the data.

III. EXPERIMENTAL RESULTS

A. Conditions for diamond growth—SEM and RHEED results

As experimental conditions for diamond growth with
the hot-filament-assisted CVD technique have already
been described elsewhere,?® only the most important ex-
perimental parameters are presented here. Diamond
growth depends crucially on the filament-to-substrate dis-
tance, the filament temperature, and the methane propor-
tion in hydrogen. With a 1 vol % methane concentration
in hydrogen, diamond growth was obtained with the fila-
ment heated up to 2400 K. The substrate temperature
was in the range of 1000-1200 K. Bombardment of the
positively polarized substrate by electrons increased the
diamond nucleation rate.?® However, without scratching
the substrate, the nucleation rate remained low (Fig. 1).
To obtain a continuous film (Fig. 2) the substrate had to
be scratched with 1-um diamond paste prior to the depo-
sition.

Reflection-high-energy electron diffraction (RHEED)
measurements made on all deposits indicated only dia-
mond crystallization;?® but SEM observations showed
that the crystal morphology was inhomogeneous. SEM
observation of a discontinuous deposit (see Fig. 1) showed
isolated cubo-octahedric crystals with various orientation
to the substrate. In Fig. 1(b), the crystal presents a (100)
face parallel to the substrate; but in Fig. 1(c), it shows
four tilted front faces: two(100) and two (111). Twinned
(111) faces are also often observed. With the above ex-
perimental conditions used, films were inhomogeneous on
an area of 1 cm?. The morphology varied continuously



6042 A. M. BONNOT 41

from that of well-faceted crystals (Fig. 2) to that of blunt- B. Raman microspectroscopy
ed crystals (Fig. 3) and to that of ball-like elements (Fig. The laser light of the Raman apparatus has been fo-
4). The biggest crystals which are shown in Fig. 5 have  cused onto a large number of individual crystals using the

been found on the edges of a Si(100) substrate. They are  optical microscope. The Raman signal has been shown
implanted into the substrate in such a way that only a  to be extremely sensitive to the crystal morphology and
half a cubo-octahedron is apparent. always differs in some ways from that of natural dia-

(b)

(©)

FIG. 1. SEM micrograph of diamond crystals on silicon.
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FIG. 2. SEM micrograph of a diamond thin film on a silicon substrate polished with 1-um diamond paste.

mond. This manifests itself by variations of the Raman
diamond-line position and width, and by the appearance
of broad bands as the crystals lose their edges.

1. Raman spectra of cubo-octahedric crystals

The Raman spectra of cubo-octahedric CVD crystals
which show, by means of the optical microscope of the
Raman apparatus, well-defined crystallographic planes in
front of the substrate, are represented in Fig. 6. Their
characteristics are indicated in Table I and are compared
to those of natural diamond, determined with the same
experimental conditions.

The position of the diamond Raman line of CVD crys-
tals varies from 1323 to 1336 cm™!; the narrowest line
has a full width at half maximum (FWHM) of 8.5 cm ™},
the broadest has 21 cm™' FWHM. These variations are
well above the resolution of the Raman apparatus. As
the width of the diamond line increases, two broad bands,
at about 1540 and 1350 cm ™! grow up. Furthermore, the
variation of the position and width of the diamond struc-
ture has been correlated to the crystal morphology.

Raman spectrum (a) in Fig. 6 corresponds to well-
faceted cubo-octahedric crystals with a (100) front face
parallel to the substrate. It is very similar to that of natu-
ral diamond, which indicates that only the diamond

FIG. 3. SEM micrograph of diamond crystals which have lost their edges.
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lcm=1 um

FIG. 4. SEM micrograph of carbon ball-shaped elements.

phase was formed. However, the Raman structure has a
FWHM Av of at least 8.5 cm™! [Table I, (a)] which is
larger than that of natural diamond. The position V0 at
maximum intensity is also slightly shifted to a lower wave
number. Considering vt and v~ wave numbers at
FWHM, it appears that broadening of the CVD diamond
Raman line occurs essentially on the low-wave-number
side [v" value is the same as in natural diamond (1334
cm™ 1), but a shift to lower v~ values (1325.5 cm™ ) is
evide]nt when compared to natural diamond (1329
cm™ )]

Spectra (b)—(d) in Fig. 6 [their characteristics are indi-
cated in Table I, (b)-(d)] also correspond to crystals with

a flat (100) front face parallel to the substrate, but with
increasing disorder. It manifests itself by roughening of
the crystal sides showing small grains with no well-
defined crystallographic planes. With roughening of the
crystal sides there is an increase of Av [Table I, (b)—(d)].
When compared to the Raman-spectrum characteristics
of well-faceted crystals [Table I, (a)], one sees the follow-
ing modifications of the diamond structure with crystal
morphology: In spectrum (b), it is broadened (and slight-
ly shifted) towards lower wave numbers; in spectrum (c),
it is shifted towards lower wave numbers; in spectrum (d),
it is broadened on both the high and low wave number
sides.

FIG. 5. SEM micrograph showing the way crystals are implanted in the edges of a silicon substrate.
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FIG. 6. Development of a Raman spectrum of diamond crys-
tals with orientation to the substrate: (a)-(d), crystals with a
(100) front face to the substrate but with increasing disorder
upon growth from (a) to (d); (e), crystal with five twinned (111)
front faces to the substrate; (f); crystal with 4 front faces to the
substrate [two (iii) and two (100)].

Raman spectrum (e) in Fig. 6 has been obtained for a
crystal with five twinned (111) faces in front of the Si(100)
substrate. From Table I (e) it is seen that the Raman dia-
mond line has a maximum intensity at exactly the same
+? position as in natural diamond; but its width Av is
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FIG. 7. Raman spectra of diamond thin films, prepared with
a 1 % vol methane concentration in hydrogen and formed with
faceted crystals (a), blunted crystals (8) and (y), and ball-
shaped elements (8). By comparison, the Raman spectrum (A)
of a deposit prepared with a 4 vol % methane concentration is
also drawn.

larger, and broadening occurs on both the high and low
wave number sides.

Spectrum (f) in Fig. 6 corresponds to cubo-octahedric
crystals oriented to the substrate as in Fig. 1(c). Through
the optical microscope of the Raman apparatus, four

TABLE 1. Raman spectra of diamond crystals: (a)-(d), crystals with a (100) front face parallel to the
substrate; (e), crystal with 5 twinned (111) front faces to the substrate; (f), crystal with four front faces to
the substrate [two (111) and two (100)]. The diamond line has a maximum intensity located at v° and a

FWHM of Av=v*—v"~.

Substrate v (cm™1) Av (cm™!) vt (em™) v™ (em™!)
diamond
(a) MO 1330 8.5 1334 1325.5
(b) Si 1328 12 1335 1323
(c) Si 1323 13 1328 1315
(d) Mo 1330 17 1340 1323
(e) Si 1332 17 1340.5 1323.5
(f) Si 1336 21.5 1345.5 1324
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TABLE II. Raman-spectrum characteristics of films prepared with a 1 vol % methane concentra-
tion: (a), faceted crystals; (B) and (y), blunted crystals; (8), ball-shaped elements. The diamond Ra-
man line has a maximum intensity I(v°) at +°* and a FWHM of Av. The broad bands have a maximum
intensity I(+v') at v (i=1,2,3). By comparison, characteristics of the Raman spectrum (1) of a carbon
ball prepared with a 4 vol % methane concentration in hydrogen are also given. (G is the Raman band

of graphite.)

W0 Av v! Vv Vv G
-1 -1 -1 -1 -1 -1 1(+°)
(cm™") (cm™") (cm™") (cm™") (cm™") (cm™") I
I(v')
(a) 1328 12 1500 2.3
(B) 1330 12 1540 1355 1.8
(v) 1328 15 1540 1350 1.1
() 1330 1540 1470 1355 1.0
(A) 1324 1545 1470 1570

front faces are observed: two (100) and two (111). The
diamond Raman structure is now shifted to higher wave
numbers and is broadened on the high-wave-number side
[Table I (D].

2. Raman-spectra modifications with crystallization state:
From well-faceted crystals to blunted crystals
and to carbon ball-like elements

Figure 7 shows Raman-spectrum development with
crystal shape from faceted crystals (a) to blunted crystals
(B),(7), and to ball-like elements (8). Spectral charac-
teristics are indicated in Table II.

As crystals lose their edges [from (a) to (8)], the inten-
sity of the Raman diamond line decreases and broad
bands appear. Faceted crystals with disorder upon
growth or slightly blunted crystals give two broad Raman
bands at about 1500-1540 and 1325-1355 cm™!. As
crystals become more blunted (y) and even ball-like (8),
a third broad band appears at 1470 cm ™!, with an inten-
sity that grows with deterioration in crystallization.

IV. DISCUSSION

The interaction of the electric field of the incident laser
light of the Raman apparatus with electrons induces di-
poles. In a solid, the Raman signal is the part of the di-
pole light emission which is inelastically scattered by the
interaction with optical phonons. The Raman efficiency
depends on the polarizability of the solid and on
electron-phonon interaction. The Raman spectrum
presents structures which are characteristic of the pho-
non density of states. In particular, results on Raman
spectroscopy of the different allotropic forms of solid car-
bon, which have very different phonon density of states,
are demonstrative.

A. Raman spectra of the allotropic forms of solid carbon

1. Raman spectrum of bulk diamond (synthetic and natural)

From the knowledge of the diamond (cubic) crystallo-
graphic structure and the symmetry rules of the Raman
effect, it is clear that there is only one active phonon
mode: T')5(Fy,). This is a triply degenerate center-

phonon mode. The one-phonon Raman spectrum of dia-
mond?’ is composed of a single structure at 1332.5 cm ™!,
with a 1.65-cm ! FWHM at room temperature.

The Raman spectrum of bulk diamond depends on
temperature, applied pressure, and carbon isotope con-
centration.

(i) With temperature, the Raman shift decreases and
the width of the Raman line increases.?’

(ii) Applying pressure or uniaxial compressive stress?®
splits the I')5 mode into a singlet LO mode and a doublet
TO mode. Both modes are shifted to high energy by the
hydrostatic component of the applied stress. In the back-
scattering geometry, only the singlet mode is observed.
Consequently, the Raman diamond shift increases (and
the linewidth increases) with pressure.

(iii) Natural diamond is essentially formed with '2C iso-
tope and contains only 1.1% !3C isotope. When doping
synthetic diamond with '3C, there is a monotonic de-
crease of the Raman shift and linewidth.?’ With a 15%
BC concentration, the one-phonon line is at 1328 cm ™.
Increasing !*C isotope concentration to 36% shifts the
Raman line to 1318.6 cm ™.

The Raman spectrum of hexagonal diamond powder
formed under shock-induced high pressure®® is composed
of a broad band (Av>30 cm™!) whose position varies
from particule to particule from 1315 to 1326 cm™ .
However, the ureilite meteorites which contain diamond
with the presence of the hexagonal form®' give a Raman
line very similar to that of CVD diamond: it is centered
at 1330 cm ™' and has a ~10-cm ! FWHM.

2. Raman spectrum of graphite

In a perfect graphite crystal [single crystal or highly
oriented pyrolytic graphite (HOPG)], there is only one
Raman-active phonon mode®? It is a zone-center optical
mode E,,, corresponding to “in-plane” displacements of
atoms strongly coupled in the basal planes and is ob-
served at 1581 cm~!. The Raman spectrum of micro-
crystallized graphite’® consists of two broad bands G and
D. Band G (1580 cm ™ !) is assigned to the only active Ra-
man phonon mode in a perfect graphite crystal. The oth-
er band, D (1350 cm ™!, becomes Raman allowed because
of the symmetry breaking in disordered graphite. Its in-
tensity is inversely proportional to the crystallite size.



41 RAMAN MICROSPECTROSCOPY OF DIAMOND CRYSTALS AND . ..

3. Raman spectrum of CVD diamond crystals and thin films

Although Raman spectroscopy is known to be a useful
characterization technique for detecting a diamond phase
in CVD carbon films, few detailed interpretations of this
subject have been given.

Matsumoto® has reported on hot-filament-assisted
CVD of diamond films. The Raman diamond line is at
1334 cm ™!, with a width of 10 cm™!. Celli,® using the
same technique, has obtained similar results: the Raman
diamond line is at 1333 cm™! with a width of 12 cm™".
Badzian'® has carried out Raman microscopy measure-
ments on diamond crystals, deposited with a microwave-
plasma-assisted CVD technique. The Raman diamond
line of individual crystals is centered at the same position
as natural diamond, but its FWHM varies from 5 to 15
cm ™!, depending on the nature of the substrate used
(graphite or silicon). Broadening of the Raman diamond
line is attributed to silicon contamination which acts as a
catalyzer. Knight*® has investigated the Raman micros-
pectroscopy of a wide range of diamond films prepared
with various CVD techniques. Depending on the sub-
strate hardness, the maximum intensity position of the
Raman line shifts in the 1327-1345-cm ™! range. It is at-
tributed to the stresses in the films, either in compression
for positive shift or in tension for negative shift.

4. Raman spectra of amorphous DLC films

The Raman spectrum of DLC films, prepared with ion
beams or rf sputtering,* consists of a very broad and
asymmetric band (extending more towards low wave
number than high wave number). Its maximum intensity
is at about 1540 cm~!. With annealing up to 900 °C, this
band becomes narrower and shifts to the G graphite
band, while a new band appears in the 1300-1350-cm ™!
wave-number range. At 900°C, the Raman spectrum is
graphitelike, with the same intensities of the G and D
bands. According to Beeman’s model of amorphous car-
bon, the shift of the G graphite band to low wave num-
ber with amorphization is the result of bond-angle disor-
der between atoms in sp? sites. The movement of the Ra-
man shift of the D graphite line towards low wave num-
ber, in carbon films prepared with rf sputtering,®* has
been attributed to carbon atoms in sp? sites.

The electronic and atomic structure of amorphous car-
bon films has been investigated by Robertson.® His cal-
culations show that the most stable structure corresponds
to compact clusters of carbon atoms in sp? sites. The
width of the optical gap varies inversely with cluster size.
The ~0.5-eV optical gap of a-C corresponds to a model
of disordered graphite crystals, about 1.5 nm in diameter,
bonded by sp? sites. The higher optical gap of a-CH
(1.5-2.5 eV), which is still much smaller than that of dia-
mond (5.5 eV), is the result of hydrogenation which
reduces the cluster size rather than saturating the dan-
gling bonds (as in a-Si:H).

Ramsteiner’’ has studied resonant Raman spectrosco-
py of a-C:H films prepared by rf plasma deposition from
hydrocarbon gases. His results are consistent with
Robertson’s analysis.>® Increasing incident photon ener-
gy from 2.18 to 3.54 eV shifts the main Raman band from
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1500 to 1600 cm~!. This development is interpreted in
terms of scattering from mw-bonded carbon clusters, reso-
nantly enhanced for incident photon energies approach-
ing the 7-7* transition energy. Conversely, the Raman
band at 1300 cm ! shows almost no variation with pho-
ton energy. The difference, between the high- and low-
frequency bands, in scattering intensity with photon ener-
gy, confirms a heterogeneous two-phase model. Both
phases (carbon atoms in sp? or sp? sites) correspond to
different electronic and vibrational structures and the ob-
served Raman spectrum is a combination of their two
different phonon spectra. This view is fully consistent
with the model of sp2-bonded atom clusters connected by
sp® bonds. Within this model, different cluster sizes can
induce a wave-number shift of Raman bands with photon
energy. As in polymer chains,® with the variation of
photon wavelength different cluster sizes are probed.

B. Interpretation of the Raman-spectrum modifications
with crystal morphology

Our results show similar tendencies to those reported
on Raman spectroscopy of CVD diamond. However, the
determination of the Raman spectrum of many individual
diamond crystals has enabled us to obtain new results on
the variation of Raman line shape with crystal morpholo-

gy-

1. CVD diamond crystals with a (100) front face
parallel to the substrate

In Fig. 6(a), the presence of only the diamond Raman
signal suggests that no other carbon phases are present in
the films. However, the Raman line shape of CVD dia-
mond always differs from that of natural (or synthetic
HT,HP) diamond. The Raman structure of well-faceted
crystals, with a (100) front face parallel to the substrate,
is systematically broader (at least 8.5 cm ') than that of
natural diamond. Furthermore, it is broadened and shift-
ed towards lower wave number.

In order to determine the effect of contamination, x-ray
microfluorescence measurements have been undertaken.
A few at. % of tungsten was always detected (as a conse-
quence of the nearby hot tungsten filament), but no trace
of silicon was found. If the catalytic hypothesis is pro-
posed, it could be induced by tungsten rather than by sil-
icon. However, the broadening and shift to lower energy
of the diamond Raman line can be a consequence of other
effects.

In a perfect infinite crystal, the photon momentum is
extremely small on the scale of the Brillouin zone, and
momentum conservation imposes that Raman scattering
is only concerned with phonons at the center point I of
the Brillouin zone. But if disorder takes place on the
scale of the phonon mean free path (3—-5 nm), the phonon
wave function becomes a wave packet localized in real
space. Disorder on a distance d induces an uncertainty
Ag ~1/d in the phonon momentum, as large as disorder
takes place on a small distance scale. The Raman-active
mode is a high-energy one, its energy is maximum at the
center point I' of the Brillouin zone and decreases with g.
Thus, a Ag uncertainty in the phonon momentum induces
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a broadening of the Raman line shape to low wave num-
ber and also shifts the maximum of the phonon density of
states to lower energy. In microcrystalline silicon, it has
been shown® that the finite size of spherical crystallites
~3-10 nm) induces a shift towards lower energy and a
broadening of the Si I')s Raman-active phonon mode.
The Raman line becomes asymmetric, more extended,
and shifts towards lower wave number. Because of the
identical crystal symmetry of silicon and diamond, the
same effects should certainly be observed in microcrystal-
line diamond.

Thus, broadening and shift towards lower wave num-
ber of the Raman diamond structure with roughening of
the sides of crystals with a (100) front face parallel to the
substrate [(a)-(d) in Fig. 6] can be attributed to microcry-
stallization which is the indication of anisotropic growth
of (100) diamond faces.'® However, the important shift of
the Raman diamond structure (c) in Fig. 6 towards lower
energy cannot be attributed only to the presence of small
grains. It can be the consequence either of '*C enrich-
ment with a CVD technique (ascribed to kinetic factors
related to differing atomic diffusion of carbon isotopes'),
or of the presence of the hexagonal diamond form as in
meteorites.>!

2. Cubo-octahedric crystals with two (111)
and two (100) front faces tilted to the substrate

Crystals which present four tilted faces in front of the
substrate [two (100) and two (111)] give a Raman dia-
mond line shifted and broadened to high wave numbers
[Fig. 6 and Table I, (f)]. This development of the Raman
diamond structure can be the consequence of compres-
sive stresses in the crystallization.’® In view of the way
crystals are implanted in the substrate (Fig. 5), it might
be hypothesized that accommodation between a flat sub-
strate and cubo-octahedric crystals is more difficult if
they grow with (100) and (111) faces tilted to the sub-
strate than if they grow with a (100) face parallel to the
substrate.

3. CVD diamond crystals with five twinned (111) faces

Twinning in diamond crystals has often been encoun-
tered, and in some cases it gives rise to the growth of five
twinned (111) faces. Narayan*® has undertaken high-
resolution images and microdiffraction studies on pentag-
onal diamond crystallites grown on Si(100) substrate.
Crystallites are oriented in the [011] direction with five
(111) twin faces. Presence of twinning, microtwinning,
and streaking along the [111] direction and thin slabs of
faulted regions have been evidenced. The effect of twin-
ning in the Raman diamond line shape should be rather
complicated. From results presented in Fig. 6 and Table
I, (e), the fact of obtaining the same position of the Ra-
man diamond line of twinned crystals as of natural dia-
mond, but with a larger FWHM, could be the conse-
quence of both microcrystallization and compressive
stresses which induce broadening and shift in opposite
directions.
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4. Effects of deterioration in crystallization:
From well-faceted crystals to blunted crystals
and to carbon ball-like elements

Broadening and intensity decrease of the Raman dia-
mond structure, with the appearance of disorder upon
growth, is accompanied by the appearance of broad
bands (Fig. 7). In comparison with the Raman spectra of
graphite, a-C and a-C:H, those broad bands are attribut-
ed to carbon phases other than diamond.

At 1 vol % methane concentration, no trace of graph-
ite is detected (the Raman graphite band G at 1575 cm ™!
is only observed with a 4 vol % methane concentration),
but two bands at 1540 and 1350 cm ™! appear as the cry-
stallization deteriorates. When the films are composed of
faceted crystals, the 1350-cm ! band is the most intense.
As crystallization deteriorates, the intensity of the 1540-
cm ™! band increases more rapidly than that of the 1350-
cm™! band. These results are consistent with a two-
phase model of a-C:H with carbon atoms in sp? and sp*
sites.*! For a film composed of faceted crystals, the weak
intensity of the Raman signal in the 1500-1600-cm ™}
range is an indication of very few carbon atoms in sp?
sites. Consequently, the 1350-cm ™! band observed in
that film must be induced by amorphous carbon predom-
inantly in sp> sites. However, this result seems to be in
contradiction with Beeman’s calculations,® which fore-
cast a 1200-cm ! Raman shift in pure sp3-bonded amor-
phous carbon, but no experimental results exist on amor-
phous diamond. With deterioration of the crystalliza-
tion, the greater increase of the 1540-cm ™! intensity com-
pared to that of 1350 cm ™! is the result of the predomi-
nance of sp2-bonded amorphous carbon growth. The ori-
gin of the broad band at 1470 cm™ ! which is only visible
for films composed of carbon balls [Fig. 7 and Table II
(8)], is more obscure, all the more because it has never
been found in a-C and ¢-C:H films. It could correspond
to sp? clusters with much larger disorder in bond angles
than those which induce the 1540-cm ! signal.**

V. CONCLUSION

Using a hot-filament-assisted deposition technique it is
possible to synthesize diamond crystals and thin films,
without any traces of the other carbon phases. However,
as with all CVD techniques, results depend crucially on
certain experimental parameters. It has not been possible
to obtain a homogeneous deposite on an area larger than
1 cm?. With a 1 vol % methane concentration in hydro-
gen, and a 2400-K filament temperature, SEM observa-
tions show deposited crystallites of various shapes rang-
ing from cubo-octahedric and well faceted to edgeless and
carbon ball-like. Focusing the Raman laser light on indi-
vidual crystallites has produced evidence of the depen-
dence of the Raman spectrum with crystallization. With
deterioration in the diamond crystallization, the Raman
spectrum changes from that of pure diamond to that of a
mixture of diamond and amorphous carbon.

For the diamond crystals which are the best well facet-
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ed, the Raman spectrum shows only the diamond signal.
But even there, the Raman diamond line is broader than
that of natural diamond. The shape and position of the
diamond signal have been shown to depend on crystal
growth. Broadening to lower wave numbers (compared
with the Raman line of natural diamond) has been attri-
buted to microcrystaallization which manifests itself by
the roughening of the sides of crystals with a (100) front
face parallel to the substrate. For cubo-octahedric crys-
tals, which present four faces tilted to the substrate, shift
and broadening of the diamond structure to higher wave
numbers have been attributed to stresses in compression.
As crystals become edgeless, until they look ball shaped,
two broad Raman bands appear at about 1540 and 1355
cm™!. Being consistent with Beeman’s calculations> and
Ramsteiner’s experimental results,’’ the 1540-cm ™! band
has been attributed to carbon atoms in sp2 sites, and the
1350-cm ! band to carbon atoms in sp? and sp?® sites,
with a predominancy of sp® sites with better diamond
crystallization.
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FIG. 1. SEM micrograph of diamond crystals on silicon.



FIG. 2. SEM micrograph of a diamond thin film on a silicon substrate polished with 1-um diamond paste.



FIG. 3. SEM micrograph of diamond crystals which have lost their edges.



lcm=1 um

FIG. 4. SEM micrograph of carbon ball-shaped elements.



FIG. 5. SEM micrograph showing the way crystals are implanted in the edges of a silicon substrate.



