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Carbon thin films exhibiting a different structure have been obtained using low-energy neutral-cluster
beam deposition. The first-order Raman scattering of such materials exhibits some characteristic
features related to the phonon density of states of diamond. A careful analysis shows that the electronic
structure is not explained by a classical random network model such as Polk’s model and an alternative
film structure is proposed. In addition, the correlation between the free-cluster properties and the film
properties seems to confirm the existence of the fullerenes in the 20-32-atom size range.

I. INTRODUCTION

Potential applications of amorphous diamondlike car-
bon (DLC) films greatly interest the research and indus-
trial communities.! Thin films are commonly produced
by several techniques such as chemical-vapor deposition
(CVD), rf sputtering, low-energy carbon-ion beam, etc.
Film quality and uniformity are well controlled for tech-
nological applications, but the understanding of the syn-
thesis mechanisms, electronic structure, and properties of
these materials lags behind the technology. We use a
technique called low-energy neutral-cluster beam deposi-
tion (LECBD) for the elaboration of disordered
tetrahedrally bonded carbon thin films. The deposition
rate obtained with this technique is low compared to the
usual methods, but it allows a better understanding of the
film growth mechanisms.> From the correlation between
the electronic properties of the incident free clusters and
the properties of the films obtained by cluster deposition,
it is possible to understand the carbon nucleation mecha-
nisms. In addition, a memory of the specific properties of
the incident clusters allows the formation of material
which exhibits random compact cluster stacking (RCCS).

II. EXPERIMENTAL PROCEDURE

The laser vaporization source as described by Smalley®
seems to be the better compromise for carbon cluster syn-
thesis. Their formation is described in detail elsewhere.*
Roughly, ions and neutral atoms are stripped by target
rod bombardment with photons [Nd-YAG (yttrium
aluminum garnet) laser-pulsed source] inside a vacuum
cavity. The different species create a hot plasma (about
10* K) that is strongly thermalized by high-pressure cold
helium gas, injected in the cavity by a pulsed valve. The
laser shots take place during the peak carrier gas flow.
The cold gas-plasma mixture induces a nonequilibrium
state so that a cluster embryo can grow after each pulse.
These species are then rapidly quenched during the fol-
lowing isentropic expansion into the vacuum. To in-
crease the size range of clusters, the mean residence time
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of the plasma-gas mixture is increased. The geometry of
our cluster source is similar to the Milani and deHeer
source.” Cluster mass distributions are analyzed in a
time-of-flight mass spectrometer. Either natural ions or
photoionized neutral clusters using a frequency-doubled
dye laser pumped by a XeCl excimer laser can be used for
this purpose. Before acceleration, the kinetic energy of
the free clusters is about 10-20 eV. To avoid any charge
effect on the substrates (sapphire, Corning glass, silicon)
during deposition, the ions are deflected in front of the
sample holder so that only neutral clusters are deposited.
The pressure is about 10™* Pa in the chamber during the
film growth. In situ electrical properties are performed
by conductance measurements of the films. The typical
thin-film thickness, measured by a crystal quartz rate
monitor (using the graphite density for reference), is
about 100 nm. However, since the real density of the
films can be quite different, absolute measurements of the
number of carbon atoms deposited are performed using
the Rutherford backscattering spectrometry (RBS) tech-
nique for 2-MeV a particles. The electronic structure of
the synthetized materials is studied by FTIR (Fourier-
transform-infrared-absorption spectroscopy),® RS (Ra-
man scattering), EELS (electron-energy-loss spectrosco-
py),® XANES (x-ray-absorption near-edge spectroscopy)®
and AES (Auger-electron spectroscopy).® Structural in-
formation is obtained by AFM (atomic force microsco-
py),® SEM (scanning electron microscopy)® and transmis-
sion electron diffraction.® One has to mention that AES
and XANES revealed no bonded oxygen in the films.
The estimated concentration of bonded hydrogen in our
films measured by the nuclear reaction 'H (!°N, ay) 2c
is about 4—-5%. Such a concentration is usually found in
common amorphous semiconductors such as poorly hy-
drogenated silicon or amorphous carbon. For Raman
analysis, our carbon samples were investigated in the
backscattering configuration (Dilor XY with a charge
coupled device camera detector) at room temperature.
The beam of an argon-ion laser operating at a wavelength
of 514.5 nm was focused down to a 100-um? spot in a
confocal microscope. However, the metastable samples
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FIG. 1. Cluster beam setup (a) and time-of-flight and deposi-
tion chamber setup (b).

are generally very sensitive to the annealing effect under
laser irradiation. Consequently, to avoid the graphitiza-
tion process, the exposure time and laser power have
been optimized (irradiation time less then 10 min laser
power less than 10 mW). A schematic view of the cluster
beam setup is shown in Fig. 1.

III. FREE CLUSTERS PROPERTIES

An abundance mass spectrum is given in Fig. 2. The
greatest intensities of some peaks (corresponding to mag-
ic numbers) are usually due to the presence of clusters of
enhanced stability. The ion cluster sequence (n =11, 15,
and 19, with a periodicity of An =4), already observed by
several authors”® is easily understood by invoking aroma-
ticity and the completion of electronic shells. This occurs
for (4n +2)  electrons in neutral clusters (n =10, 14,
and 18) and (4n+3)m electrons in cations. Such con-
siderations on the aromatic structure favor the sp? hy-
bridization.

Beyond n =32 the even/odd alternance (C,,/Cn,, ;)
is characteristic of the existence of the three-dimensional
structures known as fullerenes.” The fullerenes corre-
spond to graphite honeycomb sheets bent into closed
cages by the replacement of 12 hexagons by pentagon
rings. Using the empirical isolated pentagon rule
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FIG. 2. Abundance mass spectrum of ion carbon clusters.
Magic numbers are labeled in the figure.

(IPR),'®!! the first stable fullerene is Cq,. However, we
admit that the fullerene structure is favored beyond C;,.
Some theoritical calculations predict the possible ex-
istence of spheroidal cages in the range
n=20-32 (12-13). The first hypothetical fullerene C,,
is a dodecahedron (I, symmetry) having an open shell
structure. Each atom is threefold bonded with atomic or-
bitals orientations (108° neglecting Jahn-Teller distortion)
close to those in the blende structure (109°28'). The cor-
responding o-7 interorbital angle (8,,) is about 110°50’
(6,,=90° in graphite and 6,, 109°28’ in diamond).'* This
unstable molecule can be stabilized, for example, by
atomic hydrogen trapping (C,oH,,) acquiring pure sp*
hybridization. The same consideration on the other ful-
lerenes in the range n =20-30 show that their hybridiza-
tion is also close to sp>.!* However, in this range of sizes,
closed cages are much less stable that open curve graphi-
tic sheets which minimize the number of adjacent penta-
gon rings.”> Therefore, the relative population of ful-
lerenes is governed by cluster growth kinetics. In our
cluster source, the high sursaturation ratio involves a
great number of cluster-helium-gas collisions, allowing
consequently a low vibrational temperature. Finally, we
conclude that some unstable particles such as small ful-
lerenes may be produced in our experimental device.
Their production is not completely evident with regard to
the mass spectra only, but we think that the specific na-
ture and properties of our films described in Sec. IV agree
with the hypothesis.

IV. FILM GROWTH

Neutral clusters are deposited on different substrates at
room temperature with their kinetic energy (around 10
eV). In this case, the energy per atom is lower than the
cohesive energy of a cluster and, consequently, the film is
formed by the random stacking of these particles without
any fragmentation process. In previous papers, we
showed that the hybridization of carbon in the films was
controlled by the mean hybridization of the incident free
clusters. In the present experiments we thus expect a hy-
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bridization close to sp® in the films obtained by deposi-
tion of clusters, the mass distribution of which is centered
around C,, (see Sec. III). This electronic structure is
confirmed by several complementary experiments.® In
particular, a weak contribution of 7 electrons is observed
in the experimental density of states of conduction and
va16ence bands studied by EELS and XANES, respective-
ly.

For reasons of convenience, we will call the samples
synthetized by deposition of a size distribution centered
around C,, “Cy, films.”

The diffraction patterns of the C,, films exhibit two
diffuse rings in agreement with a disordered or amor-
phous state. The position of these diffuse rings (halos)
can be related to the atomic planes d,;; =0.206 nm and
d0=0.126 nm in the fcc-diamond (blende structure).'®
We can thus expect that the first-neighbor distances in
our films are close to the diamond value (0.154 nm). The
granular structure of our films, as observed by SEM and
AFM, should be compared to a ‘“nanosponge.” Conse-
quently, a film density of 0.8+0.2 gcm ™3, much lower
than the diamond density (3.5 gcm ~3) and even any pure
carbon phase, has been measured.

V. FIRST-ORDER RAMAN ANALYSIS
A. Background theory

It is interesting to compare the disordered structure of
the C,, films with the disordered structure of the com-
mon covalent semiconductors such as amorphous silicon.
For this purpose, we use the selection rule breakdown
concept developed by Shuker and Gammon!’ to under-
stand our Raman-scattering measurements. These au-
thors showed that the Raman intensity of light scattered
by a disordered materials, at the frequency /21, can be
written as

Ig,s@= 3 C#"|=I[1+n(w,Tgio)].

all the bands b

(1)

[n(w,T)+1] is the Bose factor for Stokes scattering, T
the sample temperature, gf(w) the vibrational density of
states (DOS) in the b band and C##7? the optical cou-
pling tensor which describes the coupling of phonons and
photons via the electronic polarizability tensor of the ma-
terial. Shuker and Gammon assign frequency-
independent coupling constants for all bands leading to
an approximate expression given by

Io)= 3 G|+~

all the bands b

[1+n(e,Tgf)]. @

In covalent semiconductors, where the bonds between
atoms are quite similar to those in the crystalline phase,
with nearly the same coordination number, bond lengths,
and bond angles, the electronic structure of an amor-
phous semiconductor is slightly disturbed compared to
the corresponding crystal.!®!® In a simple approach, the
first-order Raman scattering of amorphous covalent ma-
terials corresponds to the broadened phonons DOS.2%?!
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This simple model is verified in the case of common semi-
conductors such as amorphous silicon.?? In addition, a
Raman peak shift, which can sometimes be observed, is
usually attributed to a change of the force-constant
values and the broadening of the lines is caused by
structural disorder.

To date, all tetrahedrally bonded amorphous semicon-
ductors have been evidenced in this manner, with the ex-
ception of carbon.

B. Results

The reduced Raman scattering intensity measured with
our C, films is given in Fig. 3. We can see that the ex-
perimental curve and the calculated phonons DOS of fcc
diamond (inset) obtained by Pavone et al.?} exhibit very
similar features. However, some differences are clearly
observed.

(i) Contrary to common group-IV semiconductors, we
observe a DOS without any broadened bands as suggest-
ed above, except maybe for the TO branch.

(ii) The labeled TA band is not as flat as in diamond,
but seems close to other materials such as silicon, ger-
manium, grey tin, and GaAs.

(iii) The whole spectrum is shifted by 130 cm ™! toward
the low-energy values.

These observations are not consistent with the usual
continuous random network model, which considers a
density value close to the crystal one. Thus, to under-
stand the particularities of our Raman spectrum, we in-
troduce a topological network by considering the follow-
ing hypothesis.

DOS

0 500 1000 1500

reduced Raman scattering intensity (arb. units)

400 60 800 1000 1200 1400 1600 1800

wave number (cm™!)

FIG. 3. Reduced first-order Raman-scattering spectrum ob-
tained with a confocal micro-Raman spectrometer Dilor XY.
Iz (@) has the form I (w)=I(w)/[w([n(w)+1])], where I(w)
is the experimental Raman scattering, and n(w) is the Bose fac-
tor. The thickness of the C,, film was about 100 nm. The pho-
ton excitation wavelength was 5145 A. To avoid the graphitiza-
tion process, the power was limited to 10 mW, and the exposure
time was about 5 min. The spectrum in the inset is the calculat-
ed phonon density of states for carbon in the fcc diamond phase
(Ref. 23).
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FIG. 4. Random compact cluster stacking (RCCS) (a), detail
of the misalignment of the two hybrids between two clusters (b),
and definition of the 6 angle (c).

(i) Pure C,, cluster deposition, without fragmentation
on the substrate, allows the geometry of C,, cluster to be
conserved (bond lengths and angles).

(ii) Clusters nucleate on the substrate to minimize the
dangling-bond number.

(iii) Despite the presence of destabilizing 7 bonds on
pentagons, force constants of diamond are introduced in
our calculations. This point will be discussed elsewhere.

Figure 4(a) shows a C,, network formed by giant hexa-
gons and pentagons. These caps appear to be precursors
of an hypothetic (Cyy)¢, fullerene, where we put a Cy,
cluster in the place of one atom in the normal C,, ful-
lerene. Probably such giant clusters do not grow in our
film because we deposit a rather broad cluster size distri-
bution. However, we can imagine that a random stack-
ing of some pieces of this structure contribute to the film
J

+—‘/—§Vspo(cos9+3)+lV
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growth. The existence of empty areas is evidenced by
this model and is consistent with density measurements.
One obtains the same bond lengths between adjacent
clusters as in intracluster d- bond lengths. Further-
more, two clusters are bonded by their pentagon face in-
volving 7 bonds [see Fig. 3(b)]. The growth without any
dangling bond cannot be achieved at long-range order be-
cause the translational symmetry is forbidden by C,, I,
symmetry.

1. Tight-binding model

From the previous model, we can build a simple tight-
binding model with a LCAO (linear combination of
atomic orbitals) Hamiltonian. The hypothesis are the fol-
lowing.

(i) The bond-orbital model and the LCAO Hamiltonian
are assumed.

(i1) The valence force field and the classical elastic mod-
el approximations are valid.

(iii) The interaction parameters in the cluster are iden-
tical to the diamond parameters.

(iv) Despite the nontranslational symmetry of the net-
work, we apply the Bloch theorem assuming a local
quasiperiodicity.

One has to remember that in diamond, the hybrid co-
valent energy V), is defined as the matrix element between
hybrids pointed at each other from two neighboring
atoms. For this misaligned hybrids, the hybrid covalent
energy is obtained assuming the hybrid decomposition
from o and 7 states. If we now examine the detail of two
linked C,, [Fig. 4(b)], we can see that each atom on a pen-
tagon edge is bonded in three directions by conventional
hybrids, and in the fourth direction by one misaligned
bond. @ is the corresponding angle of misalignment. To
keep the tetrahedrally coordonated structure, the atom
labeled B must rotate by 6 angle (6=35°). Using the
bond orbital approximation and the valence force field
model, one obtains the optical modes (corresponding to
the Raman frequency in the crystal) as a function of the
hybrid covalent energy.”> We can write the ratio between
the hybrid covalent energy defined previously in our sys-
tem and the hybrid covalent energy in a pure sp> basis.
The corresponding transverse optical mode shift is?®

1/2

202
Ao Vet 2V polcos’0+3)— 2sin’0V,,
oo (—V+2V3V,,+3V,,,

This formalism can be extended to all phonon
branches. Qualitatively, we find a decrease (2%) of the
constant force which leads to a redshift of the reduced
Raman spectrum. However, the experimental shift is
much higher (about 10%). This can be understand hav-
ing in mind hypothesis (ii). In fact, the C,, cluster in-
teratomic force constants are lower than the diamond

[
ones, because the nonpaired 7 electrons located on the

C,, cluster destabilize the bond. Furthermore, the previ-
ous model does not take into account the experimental
size dispersion. We thus observe a large decrease of the
TO mode frequency compared to diamond. The formal-
ism developed for the hybrid covalent energy calculation
can be extended to the other LCAO Hamiltonian ele-
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ments. The resulting band structures for diamond and
our expected model are shown in Fig. 4. The energy sep-
aration between the valence-band maximum at I" and the
conduction-band minimum is overestimated because the
LCAO tight-binding model is not accurate enough. We
observe a strong decrease of the gap (factor 2) at the
threefold-degenerated T" point.

2. Redshift and intense TA branch

In the Raman spectrum of amorphous silicon, the
small shift of the TO band compared to the crystal is not
due to a weakening of the force constants but to a
broadening effect. One of the reasons is that the Raman
frequency allowed in the crystal is higher than the pho-
non DOS maximum. In our case, the redshift cannot be
explained with this argument. In addition, for common
semiconductors, it is well known that a small shift can
occur either by the film growth mode,®?” thickness
effect,”® or hydrogen concentration.?’ However, to our
knowledge a shift value as high as 130 cm ™' has never
been observed in common semiconductors. In our case,
as mentioned above, the tight-binding model suggests a
weakening of the force constant in the expected film
structure which can explain the redshift.

It is well known that the TA-mode density is sensitive
to the long-range forces. Except in diamond, the TA-
phonon branches are very flat away from the Brillouin-
zone center.?* Consequently, for all materials with a dia-
mond structure, the DOS exhibits an enhancement of the
TA branches. The displacement of an atom tends to ro-
tate the neighboring tetrahedra of hybrids® inducing a
rotation of these neighbors, and so at long distances a
propagating pseudowave disturbs atoms. Weber®® has
shown that this behavior can be understood from interac-
tions involving the bond charges. In diamond, the ion
bond charge coupling is much stronger than in the other
materials; consequently the bond-bond interaction in-
creases to a lesser extent. Sokel and Harrison’! proposed
a physical explanation of these long-range forces in terms
of electronic structure. These authors have shown that
the interaction energy contains a decay exponential term
assigned to a screening length [kg_l]. The ratio of screen-
ing length to zone-boundary wavelength (k,=2w/a)
gives the long-range order of the interbond force con-
stants. These authors have shown that the longest range
forces come from the states close to the band gap,

k2=(2(m,+m,)/#)E, , @)

where m, and m, are the valence and conduction-band
electron effective masses, and E, is the energy gap.

The great gap for diamond involves a strong screening
length, as the mentioned by Weber.>* The data of Sokel
and Harrison for k,/k, are given in Table I can be com-
pared with our C,,-film data.

The strong decrease of the gap in the C,, film agrees
with an enhancement of the long-range forces. There-
fore, our spectrum exhibits an intense TA-phonon branch
far away from the Brillouin-zone center. Finally, the
behavior of the TA-phonon branch and the energy shift
of the Raman band have the same origin. Such results
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TABLE I. Extrapolated value from the tight-binding model.

Element ko /k, ko=2m/a (A
C 1.7 1.764
Si 3.1 1.159
Ge 4.8 1.111
our sample 2.4 1.25

can be compared with Raman shifts in hydrogenated mi-
crocrystalline silicon observed by of Igbal and Veprek.*
These authors found that shifts to lower frequencies with
decreasing crystallite size of the crystalline components
of the spectra have been correlated with the lattice ex-
pansion and the finite dimensions of the crystallites in
these films. Other surface effects were observed in thin
slabs of silicon by Kanellis, Morhange, and Balkenski.?
In our case, all the atoms are located on the cluster sur-
face, so we believe that our films exhibit a maximum sur-
face effect which explains the shift amplitude. However,
the lattice expansion (or contraction) in the C,,-films is
not observed because the electron-diffraction pattern data
are not accurate enough.

3. Line broadening effect

As mentioned in Sec. V B the broadening effect is ex-
plained by structural disorder.”® Except for TO
branches, the correlation between the calculated diamond
phonon DOS and the reduced Raman spectrum is re-
markable. This one suggests a very low disorder at short-

K X r A X

FIG. 5. Band structure of diamond (®) and Cy, (O). E, and
Ego., respectively, are the gap of the diamond and the C,, film.
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and medium-range orders contrary to classical amor-
phous networks such as a-Si or a-Ge. This assumption is
in good agreement with the fine structure observed by
XANES with our samples compared to XANES spectra
of amorphous semiconductors which generally do not ex-
hibit fine structure because of the perturbations of elec-
tronic structure by disorder. In our model, the distance
is the same for all first-neighbor atoms. At last, the slight
broadening of the TO branch compared to the calculated
phonon DOS may be explained by the strong perturba-
tion of the electronic band diagram along the I'X axis
(Fig. 5).

C. Annealing effect

The metastability of the sample is clearly observed dur-
ing intense laser irradiation. An increase of the laser
power up to 100 mW leads to the sample partial anneal-
ing. A typical Raman-scattering spectrum obtained in
this case is given in Fig. 6. The spectrum shows three
broad bands. Two bands labeled D and G (D for the
disorder-induced mode, G for the Raman-allowed graph-
ite mode) are clearly observed as in common diamondlike
films.! The next band labeled C, deduced from a decom-
position of the spectrum into individual Gaussian com-
ponents, is observed around 1150 cm™!. This one is as-
signed by many authors to pure diamond nanocrystallites
features.’*** During laser irradiation, the C,, sample un-
dergoes a phase transition (the so-called ““graphitization”
process). This is in agreement with EELS measurements
showing the -plasmon peak appearance (6.4 eV), charac-

r C-band D-band G-band 1

reduced Raman scattering intensity (arb. units)

I 1 L

1000 1100 1200 1300 1400 1500 1600 1700

wave number (cm” 1)

FIG. 6. Reduced Raman scattering of the sample after an-
nealing (a), before annealing (b), and the graphite phonon DOS
(c) deduced from the theoretical dispersion curves given by Al-
Jishi and Dresselhaus (Ref. 36). The C, D- and G-band positions
are shown by the arrows.
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teristic of graphite.

We apply the Shuker and Gammon formalism to de-
scribed the phase corresponding to small graphitic is-
lands embedded in an sp>-hybridized matrix. If the num-
ber of sp? clusters is low enough, the Raman-scattering
intensity is calculated using the first-order perturbation
model:

Iw)=4 Cb(graphite)( 1/0)[1+n(o, T)]gtf(graphite)
all the bands b

+B b Ci(diamona)( 1/@)
all the bands b

X[l‘*‘n(w:T)]gl‘;(diamond) : (5)

A and B are two numerical factors including the relative
population of small sp? islands in the matrix.

In Fig. 6(c), we show the calculated graphite phonon
DOS given by Al-Jishi and Dresselhaus>® broadened by a
factor of about 40 cm~!. Using Eq. (5), we can fit the Ra-
man spectrum of our samples after annealing [Fig. 6(a)]
by adding the spectrum before annealing [Fig. 6(b)] an
the theoretical spectrum corresponding to the graphite
phonon DOS mentioned above [Fig. 6(c)]. The relative
intensity of both components is obtained by the 4 /B ra-
tio adjustment. However, taking into account the
different Raman efficiencies of diamond and graphite, no
accurate quantitative results for the sp?/sp? ratio can be
deduced. After a strong annealing, the C band disap-
pears, and we observe an increase of the G /D ratio.

VI. CONCLUSION

The specific structures and properties of our films ob-
tained by low-energy neutral cluster beam depositions are
clearly deduced from the Raman spectra. Conductivity
measurements, optical and infrared spectroscopies, and
secondary electron emission spectroscopy corroborate the
results. The films formed by cluster deposition keep the
memory of the free cluster electronic structure. This is
observed with the C,, films but also with other deposited
mean cluster sizes (Cgy and Coqg).>” In each case, the hy-
bridization observed in the films can be correlated to the
hybridization of the mean free cluster size. To keep the
free cluster memory, the structure of the film must be
different from the classical random network, as proposed
by Polk. The film appears as nanocrystallite stacking
called random compact cluster stacking (RCCS). Ther-
modynamically, this network is energetically unfavorable,
which explains the metastability of the film. Indeed, in
common semiconductors, the bond length and bond angle
fluctuations are weak and randomly distributed among
the atoms. In our system, the fluctuations are strongly
localized between the clusters, which is energetically
highly unfavorable.

Furthermore, since the diamond phonon density of
states has never been observed to our knowledge in the
first-order reduced Raman spectra of amorphous carbon
films, it is important to note that we may have produced
small fullerenes in our experimental device thereby ex-
plaining the specific nanostructure of our films at the ori-
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gin of our Raman spectroscopy observations. This is
surprising because small fullernes such as C,, are highly
unstable, as predicted by theory. We attribute our results
to the specific cluster growth and film growth conditions;
the nonequilibrium state, low vibrational temperature at-
tained during the vacuum expansion and low transit time
(about 100 us) between the cluster formation and its
deposition on the substrate where it can be stablized by
nucleation. Therefore, the properties of our films can be
related to strong surface effects if we remember that all
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the atoms in C,y or similar clusters are surface atoms.
The surface/bulk ratio is not a function of the film thick-
ness in the RCCS model, expect that the properties of our
films are preserved in thicker films.

Finally, the RCCS technique using low-energy neutral
cluster beam deposition seems to be a promising tech-
nique for synthesis of new materials. In the particular
case of covalent materials, after the interesting results
with carbon, complementary studies with silicon would
be helpful.
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