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Acoustic phonon propagation and elastic properties of cluster-assembled carbon films investigated
by Brillouin light scattering
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We demonstrate that elastic properties of cluster-assembled carbon films can be measured by surface Bril-
louin scattering. We have studied films with different nano- and mesostructures produced with different pre-
cursor cluster mass distributions. In particular, films showing very high and low surface roughness have been
compared over a wide range of film thicknesses. We have found that the propagation of surface and bulk
acoustic phonons is strongly affected by the film mesostructure. Absence of phonon propagation and localiza-
tion effects have been observed in films assembled with large clusters due to surface roughness, whereas small
clusters produced smooth films showing well defined Brillouin peaks. This occurrence, together with the
determination of the material density by x-ray reflectivity, made the evaluation of the elastic properties of
nanostructured carbon films possible. The values of the elastic constants, and in particular the anomalous
(extremely low value of the Poisson’s ratio, suggest that cluster-assembled carbon films are a unique system
among different inorganic carbon-based materials.
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Carbon materials having a structure at the nanoscale aentation when dealing with very thin films or granular and
of paramount interest both for pure and applied sciénce.soft materials> Normally SBS is applied to homogeneous
Among nanostructured carbon-based materials, those preompact films with perfedatomically fla} surfaces and bur-
duced by low-energy cluster beam deposititECBD) are ied interfaces>'*The elastic properties of carbon-based sys-
gaining considerable attentiéh* Cluster fragmentation in tems have been extensively characterized with SBS and the
LECBD is almost negligible and the aggregates maintairevolution of elastic moduli correlated with thep?/sp®
their individuality after deposition, giving origin to a granu- bonding ratict> We have previously shown that SBS can be
lar material at a nanometer scale with interesting propertiessed to characterize very thif100-nm cluster-assembled
for field emission and electrochemical applicatiSnsPre-  carbon films'? however, the roughness and inhomogeneity
liminary reports have shown that the primeval clusters asef LECBD systems are a serious obstacle to a systematic use
semble themselves in structures hierarchically organizedf SBS and, in general, for a precise determination of the
over length scales from tens of nanometers up to severalastic constants and of their dependence from the mesos-
microns® The evolution at the mesoscale is strongly influ- copic organization of the precursor clusters.
enced by the initial cluster mass distribution and it is differ- The aim of this paper is twofold: first, to systematically
ent from what observed in atom-assembled fifms. study the conditions for propagation of acoustic phonons in

The presence of mesoscale inhomogeinities in thin film4.ECBD films; second, to show that, by controlling the film
assembled atom by atom and its influence on the functionabbughness and by a careful choice of substrate material, the
and structural properties has been observed and exploited fetastic constants of cluster-assembled carbon films can be
a long time'® A systematic characterization of the mesos-studied in detail with Brillouin spectroscopy over a wide
copic structure of cluster-assembled materials and its relatiorange of thicknesses. Bulk, shear modulus, and Poisson’s ra-
with the nanostructure is still lacking due to the difficulty of tio of the nanostructured carbon films have been determined
finding experimental probes sampling, at the same timeand related to the different size of precursor clusters used for
length scales spanning from the nanometer to several tens déposition. With SBS we have obtained information about
micrometers. the organization of clusters at a scale of hundreds of nanom-

From this point of view, the characterization of the elasticeters, which is the typical scale of thermally excited long-
properties of cluster-assembled carbon films is particularlywavelength acoustic phonons.
interesting because it offers the possibility of studying the Nanostructured carbon films have been deposited from a
evolution, towards a continuous homogeneous medium, of aupersonic cluster beam produced by a pulsed microplasma
system characterized by a granularity and a porosity at difeluster sourcéPMCS as described in detail in Ref. 16. With
ferent length scales. In particular, the organization of clustersormal PMCS operation conditions, the cluster beam is char-
in larger mesoscopic units can have a profound influence oacterized by a log-normal cluster mass distribution in the
the propagation of acoustic phonons with wavelengths ofange 0-1500 atoms/cluster, with a maximum peaked at
several hundreds of nanometers. about 500 atoms/cluster. The kinetic energy of the clusters

One of the techniques of choice for the elastic characterwas on the order of 0.2 eV/atom; no substantial cluster frag-
ization of thin films is surface Brillouin spectroscopy mentation is then expectédiVe have controlled and varied
(SBS.1! SBS can overcome the problems typical of nanoin-the cluster mass distribution and deposition rates by exploit-
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FIG. 1. Atomic force microscopy pictures of the surface topog- 160 |
raphy of two nanostructured carbon films assembled with small 140
clusters(A) and with large cluster¢B). The pictures have been 120
taken in tapping mode with a Digital Nanoscope IlIA microscope. 100 [
Scan size is 1um and thez-axis range is 120 nm for both images.
The film thickness is 290 nnA) and 200 nm(B). The relative |
weight of the roughnes&lefined as the double of the ratio of the 60
roughness over thicknegsis 5 and 15% for A and B, respectively. 40

Intensity (arb. units)

ing aerodynamic focusing effect§Using the standard clus-
ter mass distribution described above, we have depositel
films with thicknesses from 30 nm to more thanuin on
both silicon and aluminum substrates. The deposition rate Brillouin shift (GHz)
was 4-5 nm/min and the density of the films was
0.8-0.9 g/cm (as measured by x-ray reflectivify. With a
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FIG. 2. Top: Brillouin spectra from films of different thickness,

: - - eposited using unfocused beafterger clusters In these mea-
different nozzle configuration we have produced a focuseggurements the incidence anglefis=50°. The effect of varying the

beam and we have been able to deplete clusters with dian?ﬁickness is reflected in the intensity of the modBsyleigh and

eters roughly larger than 2 nifRef. 17 from the beam, ge awa traveling in the film and in their velocity. Bottom: Bril-
producing films with densities of 1.2-1.3 g/érat a depo-  |oin spectra from films deposited using a focused bésmaller
sition rate of 5 nm/sec. clusters and having different thicknesses. In these measurements
Brillouin scattering spectra were recorded at room temM+he incidence angle is 50°, and a 3-mm slit was placed after the
perature and in backscattering geometry using a tandem gllection objective in order to improve the resolution. This ex-
+ 3 pass Sandercock interferometer with a finesse of 100 anglains the different intensity and signal-to-noise ratio with respect to
a A =514.5-nm wavelength Coherent Innova 300 Ar-ion la-the series of measurements of Fig. 2, top, and with respect to the
ser. The scattered light was detected by a Hamamatsu biakeasurements shown in Fig. 3. Note that the Rayleigh peak is al-
kali photomultiplier tube, in single-photon counting configu- ways visible and its frequency is always lower than the Sezawa
ration, with a dark current of 0.7 cps. The samples were kepeeak frequency.
in vacuum to prevent damage by photo-oxidation effé&ts.
The spectra were usually recorded with a free spectral rangecused beamawith a thickness ranging from 30 nm to more
of 30 GHz using a laser power 635 mW onto the sample. than 1um. In thin films, notwithstanding the high degree of
Due to the low signal intensity acquisition times of the ordersurface roughness, which increases along with film thick-
of several hours were required. ness, surface peaksorresponding to Rayleigh and Sezawa
At a mesoscopic scale, the morphology for a given filmmodes can be detected up to a critical thickness of the order
thickness is the result of the coalescence of the primevabf 200 nm(Fig. 2, top, provided that the films are grown on
clusters into larger units. Cluster size strongly affects thean ultrasmooth high reflecting substrdte our case, Al to
evolution of film roughening. This can be seen in Fig. 1, maximize the buried interface ripple scattering. On the other
where two films, assembled with small and large clusters, arband, the surface disorder, which strongly scatters the sur-
compared. In the film deposited with small clusters theface phonons, does not allow their detection for films grown
roughness is a factor of 3 lower than that of the film as-on Si substrateéwhere the reflectivity is less; moreover, Si
sembled with large clusters. The small cluster film is characexhibits an intense 60-GHz-wide central peak due to a two-
terized by grains with a typical diameter of 20—30 nm,phonon Raman scattering just in the region of the surface
whereas the large cluster film has grains with a diameter opeaks of interest
several hundreds of nanometers. When the thickness becomes higher than roughly 100 nm
We have examined films grown with large clustémen-  (and the surface roughness increasa<entral peak starts to
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develop and the surface peaks become weaker and broader, 2000
and eventually disappear. In very thick filnfmore than

1 um) only the central peak and, sometimes, strongly
damped bulk acoustic phonons, with a typical wavelength
Apn Of the order of 200 nm, have been detected. The bulk
feature is due to scattering from a longitudinal phonon, since
transverse bulk phonons are not visible in isotropic materials
in backscattering. This indicates that for a lendgta\ ,,, the

film bulk can roughly be modelled as a continuumwvith ok, . . :
approximate translational invariance and effective elastic 5 10 15 20 25

constants although structural disorder at smaller scales scat- Brillouin shift (GHz)

ters the phonons significantly. The presence of a rather strong

central peak in the spectra could be ascribed to nonpropagat- FIG. 3. Brillouin spe_ctr_a from a focused filismall clustery at

ing (overdampedor confined vibrational excitations, prob- two dlffere_nt angles of_|n0|denc@i=50° andg,=70°. The surface_ _
ably connected with different characteristic correlationSPECIUm 1S characterized by the. dependence on the a.ngk.e of inci-
lengths less thad, related mainly to the huge surface rough- dence of the peak fr.equenwayle'gh WavgRW) and Iong'tuqma.l
ness(up to the order of the film thickness itselfThe most resonance(LR)] while the bulk spectrum presents a longitudinal

. bulk (LB) wave with a fixed frequency position. In the small inset
damped bulk acoustic phonons could be coupled to the corpyes fitting of thed;=50° spectrum is shown. The numerical

fined modes by a relaxation mechanism. In thick films thesimulation of the scattering total cross sectidine) is superim-

surface phonons could be almost overdamped if not alreadyosed to the experimental points in the right box while in the left

replaced by surface fractons or by localized cluster métles. one the RW peak was fitted separately with a fitting procedure using
The detection of the bulk longitudinal peak permits toa pseudo-Voigt function.

determine only theC,; elastic constant. In order to com-

pletely characterize the elastic properties of the films grown The presence of both the LB and the LR modes permits to
with large clusters, using the procedure and the software dgtetermine, without any other information, the real part of the
scribed in Ref. 13, the dispersion relations of the surfacgefractive index as the ratio between their frequency posi-
phonons(i.e., phonon velocity as a function of the incidence tions. We found a value near to 1.5 in accordance with the
angle at a fixed thickness had to be measured. Rayleigh angalue obtained from ellissometry measurements on this kind
Sezawa peaks were usually detected in thin films. The besff material?*
results are obtained for the Young modulbsas demon- The imaginary part of the refractive index is not directly
strated by a detailed sensitivity analyisThe Young modu- measurable from the peak positions. Anyway, since it is re-
lus E varies in the range 3—7 GPa, whi(shear modulus  sponsible for the opacity broadening of the bulk peak we
is in the range 1-2.5 GPa, depending on several source pgied with numerical simulations of the Brillouin cross sec-
rametergand thus on the specific properties of the beam andion to reproduce the experimental width of the LB peak and
on the exact cluster mass distributioBxtremely low values we found a value of 0.15—0.20 with respect to the value 0.25
of the Poisson’s ratio (of the order of 0.Lwere estimated. obtained from ellissomet? This mismatch could be ex-

The sensitivity analysf$ shows that the uncertainty in the plained by both the low precision of our calculation proce-
determination ofv is greater than in the case of the Young dure and the difficulty, in an ellissometry experiment on such
modulus. This means that the Poisson’s ratio can have valugnd of material, to distinguish between the absorbed and the
very close to zero, or even negative. scattered light.

Films with a different nanostructure, more compaatd In the small inset boxes of Fig. 3 the fit of thie=50°
with a smoother surface, have been grown using small clusspectrum is shown: the numerical simulation of the scatter-
ters(focused beamsFigure 3 shows the Brillouin spectra of ing total cross section is superimposed to the experimental
a thick film (=1 um) measured for two different angles of points in the right box while in the left one the RW peak
incidence, §;=50° and §;=70°. The shift of the first two (discrete spectruinwas fitted separately with a pseudo-Voigt
peaks scales with; : both peaks belong to the surface spec-function. The assignment of the vibrational features was sup-
trum. The first peak corresponds to a Rayleigh pho{®#)  ported by calculations of the Brillouin scattering cross sec-
and the second, tHengitudinal resonancéLR), is a general tion and layer projected phonon density of statds an
feature of the continuous spectrum whose shift scales asquivalentperfect layer structure.
v,41 siné /\g, wherev,=+/C1,/p is the velocity of the bulk These spectra are remarkable for the high intensity and
longitudinal acoustic wave. The LR is a so-calfestudosur-  small width of the Rayleigh peak, never observed before in
face phonon. It is a wave packet of bulk phonons with acluster-assembled carbon films and, in general, unexpected
strong surface localization of the longitudinal polarizationin low-density granular material$. This feature supports the
behaving as a surface wave. Because of its longitudinal chaconclusion that long life acoustic phonons can propagate
acter it gives no contribution to the ripple scattering crossalong the film surface; in other words at a mesoscopic scale
section. The third peak is due to a longitudinal byliB) of observation this film appears as a homogeneous elastic
phonon whose shift is independent frofh and scales as continuum and the relatively low surface roughness, acting
v 4/ \. as surface structural disorder, introduces only a small acous-
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tic damping factor without hindering the phonon propagationwith large and small clustefsYet it is not elastically identi-
(as in the case of nonfocused film3his fact is consistent cal to nanocrystalline graphite: in fact, the valueBafand,
with a smooth surface film of a relatively compact materialconsequentlyy) are significantly different. This is reflected,
made of small clusters and it is important in comparison withfor example, in the high flexural strength observed for films
the results of SBS measurements of films deposited withoudeposited on polymeric substrafes.

beam focalization in which the surface roughness increases In summary, we have demonstrated the possibility of us-
substantially with the film thickness. ing surface Brillouin spectroscopy as a tool for the charac-

Eliminating large clusters from the beam, we have ob-terization of the elastic properties of low-density nanostruc-
tained smooth films and the evolution of the roughness idured carbon films. The use of proper metallic substrates and
very slow. In Fig. 2 (bottom) distinct surface peaks are the reduction of film roughness by controlling the cluster
clearly visible for thickness in the range 50—400 nm. Nodeposition conditions has allowed a systematic characteriza-
central peak evolution was detected. These films were depol®n Of films with different thicknesses, nano- and mesosruc-
ited with the same nozzle configuration as for the thick filmtures. In the case of very thin films grown with large clusters
of Fig. 3, in order to obtain a focused beam and to eliminatéVe have used a metallic substrate to increase the ripple scat-
large clusters, but with different source working conditions,€ring cross section. Despite the large irregularity and rough-
so that they do not correspond exactly to the same clustéfeSS, the carbon film perturbs enough the surface phonon
mass distribution. Anyway, this clearly shows that films propagation o_f the free substrate_ to permit an estimate of the
grown with a beam deprived of the large clusters do nofnaterial elastic constants. In thick films the high degree of
present the central peak evolution visible in the top of Fig. 2Surface roughness hinders the propagation of surface
Thus the study of a thick film is possible in this case; this,Phonons. Acoustic modes are subjected to damping and lo-
compared to the analysis of thin films, gives an advantagec.ahzat'on effects, which manifest themselves as a central
we can consider the film as a semi-infinite medium and s@&2ak in the scattering spectrum. A continuum film model is
the nature and the characteristics of the acoustic wave§us not adequate for the description of such a system.
propagating in the system are not affected by the thickness On the other hand, films with smooth surfaces can be
(often not known with enough accuragyand thus by the obtained by eliminating large particles from the cluster beam
presence of the substrate. The velocities of the surface fe®rior to deposition. In this way the formation of mesostruc-
tures detected in the thick filrfFig. 3) are governed by the tureés on the scale of several hundreds of nanometers is im-

elastic constants of the material, and this allows their dete€ded. These films can thus host surface and bulk phonons
mination without the need for a complete dispersion relationdue to the considerably lower value of the surface roughness.

Using the density values coming from x-ray reflectivit§ ~ Intense and sharp Brillouin spectra are obtained allowing a
(1.2-1.3 glcrf), the calculated elastic constants are, typi-Precise characterization of the 'elastlc properties. This analy-
cally, C;;=5.4+0.4 GPa, C,=G=ux=25+0.2 GPa. SIS has sh_own that, d_esplte different meso- and nanostruc-
From these values we can estimate the mean vakes tures obtained from different precursors, the elastic proper-
=5.3 GPa, B=2.1 GPa, andy=0.07. Since Cy,=Cy; ties of films deposited with large and small clusters are very
similar. This observation suggests that the elastic properties
are determined by the type of bonding on the nanometer
scale.
The observation o€, andC,, values compatible with a

—2Cyyandv=C4,/(Cq;+Cyy), this results in a wide error
band in the determination of the Poisson’s ratio, so that w
cannot exclude the possibility of values close to or less

than zero. 1 ) ; ' o
very low or even negative Poisson’s ratio may be reminiscent

The comparison of the elastic constants of cluster .
P of the low-density granular structure of the mateffal he-

assembled carbon with other carbon-based sGlids?®in- . . . : .
dicates a very soft and highly deformable material with goretical analysis has shown that assemblies of particles with

shear modulugfor shear between graphene plansimilar to greater stiffness in shear than in compression should show

graphite Co=4.5 GPa) and a Young modulus smaller than@10Malies in the Poisson’s rafib3! Cluster-assembled car-
that of fce ‘(‘5‘60 [fullerite E=9.99 GPa(Ref. 26]. We can bon materials show elastic properties similar to organic ma-

also compare these values, e.g., with those of graphitic foarr}grials and they may give new interesting elements for the
With low mass densityli=2,—51 ,GPain the range 95—75% identification and control of the mechanisms of negative

of porosity’’) or with those calculated for negatively curved pom_pre35|b|llty qnd find applications such as shock absorbers
graphitic carbon[Schwartzite, calculated bulk moduli& in micromechanical systems.

=75-94 GP4&Ref. 28]. Several experimental probes have We would like to thank G. Benedek and R. Baughman for

shown that, at the nanoscale, the cluster-assembled materigeful discussions. We acknowledge funding from INFM un-

is characterized byp? bondings, although the degree of der Advanced Research Project CLASS, ASI and MURST

ordering at the nanoscale is different for systems depositednder project COFIN99.
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