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Abstract

Carbon coatings of thickness down to 2 nm are needed to increase the storage density in magnetic hard disks and reach the
100-Gbitsyinch target. We show that the combination of surface Brillouin scattering, X-ray reflectivity and Raman spectroscopy2

measurements allow us to measure the mechanical and structural properties of ultra-thin tetrahedral amorphous carbon films.
Densities up to 2.8 gycm are found indicating a significant sp content even in the thinnest films. Surface Brillouin scattering3 3

provides the dispersion relations of surface acoustic waves and from these the elastic constants of the films. The elastic constants
of 2, 4 and 8 nm-thick films are measurably different. Our results show that these ultra-thin films reach the full stiffness of
tetrahedral amorphous carbons when the thickness becomes of the order of 10 nm, but even the thinnest films have a Young’s
modulus of at least;100 GPa. The combination of surface sensitivity and resonant enhancement of UV Raman, with surface
enhancement effects obtained by depositing the films on Al, allows the detection of the Raman spectrum, even for the thinnest
films. This is the quickest non-destructive structural probe of nanometre-thick diamond-like carbon films.� 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Carbon coatings of thickness down to 2 nm are needed
to maintain the increasing trend of storage density in
magnetic hard disks and reach the 100-Gbitsyinch target2

w1,2x. The thinner the protective carbon coating, the
closer the reading head can approach the magnetic part
of the disk and thus, the smaller the size of the bits and
the higher the bit density. For films having a thickness
in the nanometre range the measurement of the elastic
properties is critical. Indentation techniques become very
sensitive to the substrate properties. Acoustic waves
provide a clean way to measure the elastic properties.
The velocities of surface acoustic waves(SAWS) can
be measured by surface Brillouin scattering(SBS) w3,4x.
If independent measurements of film thickness and mass
density are available, the elastic constants can be derived
from measured acoustic velocities. Such measurements

*Corresponding author. Tel.:q44-1223-765242; fax:q44-1223-
332662.

E-mail address: acf26@eng.cam.ac.uk(A.C. Ferrari).

can be performed by X-ray reflectivity(XRR). The
combination of SBS and XRR measurements was used
to measure the elastic constants of films in the hundreds
to tens of nanometres thickness rangew5,6x. Here, we
show that we can push the limits of these techniques to
the sub-10 nanometre range. We also show that a
combination of visible and UV Raman spectroscopy can
probe quickly and non-destructively the sp bonding and3

sp clustering down to the nanometre films. In particular,3

we report an order of magnitude enhancement of the
Raman intensity for UV excitation for ultra-thin films
on an evaporated Al substrate.

2. Experiment

Tetrahedral amorphous carbon(ta-C) films were
deposited at floating potential using a filtered cathodic
vacuum arc(FCVA) with an integrated off-plane double
bend(S-bend) magnetic filter. For reference, thicker ta-
C films have a particle area coverage of-0.01% and
uniform cross-section, 88% sp content andE gaps up3

04

to;4 eV w7–9x. Sets of films were grown for increasing



1063M.G. Beghi et al. / Diamond and Related Materials 11 (2002) 1062–1067

Fig. 1. Specular intensity multiplied by the fourth power of the inci-
dence angle 2u for the Si substrate(D) and;2.2 (E) and;3.5 nm
(F) films, see Table 1.

Table 1
Thickness,h, density,r, and roughness,s, derived from best-fit simulations of XRR profiles. For samples B and C both a three-layer and a
single-layer model are considered. The values ofE andG are obtained as 90% confidence intervals from the SBS data fit

Sample h (nm) r (gycm )3 s (nm) E (GPa) G (GPa)

E 2.2 2.8 0.8 95"30 40"20
F 3.5 2.8 0.66 195"30 85"30
B (layered) 0.6y3.3y0.6 2.1y3.1y2.25 0.7
B 4.5 2.8 220"40 100"30
C (layered) 1.5y4.8y1.8 2.5y3.1y2.3 0.5
C 8 2.8 380"40 170"45

deposition times on bare Si and on Si covered by
thermally evaporated Al. The samples on Si and SiqAl
were deposited in the same run for each deposition time.
The samples on Si were used for SBS and XRR
measurements, whilst both samples on Si and SiqAl
were measured by multi-wavelength Raman
spectroscopy.
For XRR and SBS, two sets of three samples each

(A, B, C and D, E, F) are analysed here. Each set
includes a bare substrate(A and D) and two ta-C films
of different thickness. The ‘bare’ substrate is really
covered with a thin layer of native oxide, due to
exposure to air, with thickness(1–2 nm) comparable to
the carbon films.
The thickness, density and layering of these ultra-thin

samples were derived by specular XRR measurements
made on a Bede GXR1 reflectometer using CuKa

radiation. The data were automatically fitted to the
scatter simulated from model structures using the Bede
REFS-MERCURY codew9–12x.
BS measurements from bulk phonons were performed

to characterise the bare substrates. SBS measurements
were performed with SAW propagation along thew100x
direction on the(001) face of the Si substrate. The light

source was a 514.5 nm Argon ion laser. The scattered
light was collected without polarisation analysis by a
tandem 3q3 pass high contrast interferometer of the
Sandercock typew3x with a finesse of approximately
100. Unpolarized Raman spectra were acquired for 514.5
and 244 nm excitation, on two Renishaw systems
optimised for visible and UV Raman measurements,
respectively.

3. Results

3.1. XRR

The results for the bare Si and samples E and F are
shown in Fig. 1 as reflectivity curves multiplied by the
fourth power of the incidence angle, in order to enhance
the visibility of low-contrast fringesw12x. The reflectiv-
ity profile from the native oxide film is clearly different
from the one of samples E and F. Sample E shows only
a broad fringe. For sample F, deposited for longer time,
the fringe is displaced towards smaller angles, consistent
with increasing thickness of the ta-C film, and a second
fringe becomes visible.
The critical angle is defined by the spike in the plot.

From its position the near-surface density is usually
determined. However, for these ultra thin films the
evanescent wave reaches the silicon substrate and the
observed critical angle is mainly determined by the
substrate densityw12x. Simulations confirm that only for
films thicker than;20 nm the critical angle can be
used reliably to measure the near-surface densityw12x.
Below this thickness, it is necessary to fit to the whole
reflectivity curve. The results are listed in Table 1. The
mean density of;2.8 gycm is less than that of thick3

films, ;3.3 gycm . This shows that the surface and3

interface layers have the effect of reducing the mean
density and mean sp bonding of ultra-thin films. A3

mean density of;2.8 gycm would correspond to a3

mean sp fraction of;65%, according to the density3

vs. sp relation of ref.w9x. The actual sp content could3 3

be even higher if nano-voids would be present.
Thicker ta-C films show lower density layers at the

substrateyfilm interface and at the external surface
w9,13x. A similar three-layer model can be used to fit
the XRR profiles of these ultra-thin films. We find an
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Fig. 2. Measured and computed dispersion relations for substrates
A(*) and D(x), and samples of increasing thickness, B(h), C(-),
E(s) and F(e), see Table 1. The error bars for sample E are not
shown for clarity.

interface and a surface layer which have properties
similar to those found for thicker filmsw9x: 0.5–1.5 nm
thickness; and 2.0–2.5 gycm density. The intermediate3

layer has a higher density(3.0–3.1 gycm ) and a3

thickness increasing with the deposition time, Table 1.
The existence of a less dense surface layer is due to the
deposition mechanism of subsurface ion implantation
(subplantation), whilst the interface layer is a mixture
of Si, C and O due to the energetic C ion bombardment
w9x.
These results show that the measurement of a film of

2 nm thickness is quite within the capability of XRR.
While the statistical precision on the best-fit parameter
is sub-Angstrom, the effective precision for the thickness˚
measurement is 0.1 nmw13x. We considered these layers
to be a single homogeneous equivalent layer in order to
fit the SBS data, since we are interested in a more
precise evaluation of the average properties of the films.

3.2. SBS

The Rayleigh wave(RW), the prototype of SAWS,
has a wavevector parallel to the surface, a velocityqI

v independent from wavelength, and a displacementR

field which decays exponentially with depth, the decay
length being the same as the wavelengths2pyl qI I
w14x. If a layer of thicknessh is deposited on a substrate,
it modifies the spectrum of the substrate SAWs; the
velocities become wavelength-dependentw15x. The RW
becomes the modified Rayleigh wave(MRW), whose
velocity is a function of h. Its displacement is mostlyqI

in the substrate. Close to the surface where the wave
amplitude and energy density are maximum, the MRW
propagates in the film and senses its properties. At
higher values of h, the MRW is more confined in theqI

film and more sensitive to its properties. Therefore, if
the film is acoustically faster than the substrate, the
MRW velocity is an increasing function of h, other-qI

wise it is a decreasing function.
Spectra of SAWs can be measured by various tech-

niquesw3,4,16–18x. BS is the scattering of a photon by
a long wavelength acoustic phonon. The scattering
geometry selects the acoustic wavevector , and theqI

velocity v is obtained from the measured frequency;m

v svy . SBS measurements are time consuming, butqm I

the measurement is intrinsically contactless and local,
and the probed acoustic wavelengths can be up to two
orders of magnitude smaller than those probed by other
techniques. This gives BS a unique potential for spatial
resolution, particularly important for ultra thin films.
The elastic properties can be derived from the meas-

ured acoustic velocities. The velocities of SAWs in
layered structures can be computed by the continuum
elastodynamics equations as a function of the density
and the elastic constants of the film and the substrate,
and of h and w14,19x. This gives the physicalqI

properties from measured SAW velocities, and the elastic
constants are obtained fitting the computed velocities to
the measured onesw6,20,21x. Amorphous films, being
isotropic, have elastic constants completely determined
by only two moduli such as the Young’s modulusE,
and shear modulusG. The data analysis gives a confi-
dence region in the(E, G) plane and is supplemented
by physical plausibility criteria. It is assumed that the
carbon films have a positive Poisson’s ration, and a
bulk modulusB-B s445 GPa. Only the part ofdiamond

the confidence regions satisfying these criteria gives the
results.
The bare substrates were characterised by measuring

the bulk phonons. The data agree with the accepted
values for Si(rs2.33 g cm ,C s166 GPa,C sy3

11 12

63.9 GPa,C s79.6 GPa, refractive indexn;4). How-44

ever, uncertainties in the measured velocities, result in
a precision of at least 3%. SBS gave the dispersion
relations of SAWs for the films(Fig. 2). Fig. 3 shows
the 90–95–99% confidence regions in the(E, G) plane.
The resultingE, G are reported in Table 1. The lines in
Fig. 2 are computed from the most probable values of
the (E, G) couple. The limit at hs0 is the RayleighqI

velocity for a really bare Si substrate.
The data from the two native oxide films fall essen-

tially on the same line, as expected. The dispersion
relation for the oxide is a decreasing function ofh,qI

being acoustically slower than the substrate. The disper-
sion relation for the 2.2-nm carbon film is also decreas-
ing, indicating that such a thin film is acoustically
slower than the Si substrate, but stiffer than the native
oxide. The data from the 3.5- and 4.5-nm carbon films
fall approximately on the same curve. Their elastic
constants are similar, and definitely higher than the 2.2-
nm film. The dispersion relation is an increasing function
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Fig. 3. 90–95–99% confidence regions for sample F,;3.5 nm. The
physical limitsns0, ns0.5 andBs445 GPa are shown. The contin-
uous lines areBs100, 200 and 300 GPa; the dashed lines arens
0.1, 0.2, 0.3 and 0.4.

of h. The data from the 8-nm film fall on anotherqI

definitely different curve, indicating a significantly high-
er stiffness as also shown by the elastic moduli, which
begin to be comparable to those found for thicker ta-C
films w6x.
Since we are pushing both SBS and XRR to the

limits, we wanted to be sure of the robustness of these
results for slightly different values of the film properties.
A 5% change in film density andyor thickness results
in confidence regions which are largely overlapping,
with mean values shifting by approximately 5%, but
much less than the size of the confidence regions. This
shows that our procedure is robust against inaccuracies
w22x. However, a stronger sensitivity is found if the
substrate properties change. If the substrate stiffness is
under- or overestimated, the resulting change in the
Rayleigh wave velocity would be attributed to the film,
resulting in a corresponding over- or underestimation of
film stiffness. This can introduce significant errors.
Assuming Si elastic constants are;1% lower gives
;30% higher elastic constants for the thinner films.
The accuracy of the substrate stiffness is therefore
crucial. We could test this since we measured the
properties of films both slower and faster than the
substrate. The dispersion relations of Fig. 2 were fitted
by linear or quadratic functions, with the velocity at
q hs0 as a common fitting parameter for all the curves.c c

The results indicate that the stiffness of the substrate
might be slightly overestimated by-1%. This means
thatE andG of Table 1 might be slightly underestimated.
Thus, the Young’s moduli of the 8, 4.5, 3.5 and 2.2 nm
films are at least;380, 220, 200 and 100 GPa.
According to the generalE vs. sp relation derived in3

ref. w6x, the corresponding sp contents would be;60,3

30, 20 and 0, and the corresponding densities from ref.

w9x, 2.7, 2.3, 2.2 and 1.9 gycm . However, the average3

densities from XRR are;2.8 gycm , thus high also for3

the ultra-thin films, differently from what could be
derived from the former relations derived for thick films.
This shows that the;8 nm marks the threshold for the
films to behave like bulk ta-C, while for the thinner
films in particular, the sub 4 nm films, the influence of
the surface and interface layers make them softer than
a corresponding bulk film of the same density and sp3

content. A;2.2 nm carbon film is made up of 10–20
carbon-atoms layers, and it is expected that it is softer
than a corresponding 2.2 nm slice in a thicker ta-C film,
due to the significant influence of the dangling bonds
and lower density layers.

3.3. Raman spectroscopy

Fig. 4a,b,c compares the Raman spectra of the 4.5
nm-thick film deposited on Si and SiqAl for 514.5,
325 and 244 nm excitation. It is immediately evident
how the addition of the thermally evaporated Al layer
increases the measured Raman intensity by a factor;2
for 514.5 nm excitation,;40 for 325 nm excitation,
and;10 for 244 nm excitation. Indeed, the UV Raman
spectra of the thinner film on Si are far too noisy to be
analysed. This indicates that Al gives a surface enhance-
ment of the Raman spectra(SERS), with a higher
enhancement for high excitation energy. This is of
interest since UV Raman spectra can directly probe the
sp content via the T peak at;1050 cm w23x. In the3 y1

framework of the electromagnetic theory of surface
enhanced Raman spectroscopy, the Raman intensity is
enhanced by the coupling with the surface piasmon field
of the metal w24,25x. The thermally evaporated Al is
not a flat surface, but an assembly of blob-like and rod-
like structures of 50–150-nm size, as seen by SEM. The
surface plasmon for an Al flat surface or sphere coated
by ta-C is 3.8–5.3 eV, considering the dielectric func-
tions of both Al and ta-Cw9,26x. This would explain
the higher enhancement for higher excitation energy.
This also explains the highest enhancement for 325 nm
excitation, since this is;3.82 eV and matches the
surface plasmon energy of an Al sphere coated with ta-
C. Indeed, we choose Al instead of the widely used Ag
w24,25x, in the hope of observing surface enhanced
resonant Raman effects for UV excitation, due to the
higher plasmon energy of Alw26x. Ag is suitable to
selectively enhance low excitation wavelengths since
the surface plasmon energy for ta-C coated Ag is in the
visible–IR range. We thermally evaporated Al on Si, as
this is a simple way to make a nanostructured substrate.
Further work is in progress to achieve a better metal
substrate, using also different metals, suitable to selec-
tively enhance Raman spectra taken at the various
excitation energies, in particular for 244 nm. This will
be reported elsewhere together with a deeper discussion
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Fig. 4. (A,D) 514.5,(B,E) 325 and(C,F) 244 nm Raman spectra for samples B(;4.5 nm) and C(;8 nm) deposited on Si and SiqAl. The
intensity for samples deposited on evaporated Al is higher at any excitation wavelength, the enhancement being bigger for UV Raman spectra
(244 nm and especially 325 nm).

of SERS in DLCs. However, Fig. 4 shows that our
simple approach is enough to allow a detection of UV
Raman spectra of the same quality as thicker films, with
no need to increase the power on the sample or the
acquisition time.
The Raman spectra of all carbon systems consist of

three features, approximately 1560, 1360(for visible
excitation) and 1060 cm (detected only in UV exci-y1

tation), which are labelled as the G, D and T peaks,
respectively. The G and D peaks are due to sp sites2

only. The G peak is due to the bond stretching of all
pairs of sp atoms in both rings and chains. The D peak2

is due to the breathing modes of sp ringsw27–29x. The2

T peak is due to C–C sp vibrations. For a given3

substrate, if we compare the spectra of ultrathin films
with the ones of thicker samples, we detect an increase
of the G peak position(1510™1520™1565 cm fory1

the 2.2, 8 nm and bulk ta-C films), and an increase of
I(T)yI(G) (0™0.4™0.5) with thickness consistent with
the lower sp content and density of the thinner samples.3

The spectrum of the;4.5 nm film shows less dispersion
of the G peak with changing excitation energy(0.21
cm ynm) than the 8-nm sample(0.45 cm ynm, they1 y1

same as bulk films), whose UV spectrum approaches
the one of thicker ta-C films and has a significantI(T)y
I(G) ratio, consistent with high sp content()60–70%)3

w23,27–29x, Fig. 4f. For a fixed thickness, if we compare
the Raman spectra of samples on Si and SiqAl, we see
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that films on SiqAl have a slightly higherI(D)yI(G)
ratio (0.l–0.2), lower G peak dispersion(max.s0.35
cm ynm) for varying excitation energy and lowery1

I(T)yI(G) ratio (max.s0.35) than films grown on Si.
This is consistent with the surface enhancement effect,
which weights more the interface layer, which has a
lower density and thus, higher sp content. This differ-2

ence could also be ascribed to a substrate effect, by
which the nature of the films and interfaces is changing
when depositing on Al or on Si and needs further
investigation. In any case, this shows that the compari-
son of surface enhanced and normal Raman spectra
allows to us probe the interface layers of the ultra-thin
films, achieving a nanometre or sub-nanometre vertical
resolution.

4. Conclusions

The combination of three non-destructive techniques
of SBS, XRR and Raman spectroscopy was successfully
applied to measure the density, thickness, roughness
layering, sp clustering, and sp content for ultra-thin2 3

carbon films. An average density ofG2.8 gycm is3

measured down to 2–3 nm thickness. The average
elastic constants of the ultra-thin layers increase steeply
with thickness, being comparable with those of thicker
films already from 8 nm thick films. Even the thinnest
2.2 nm film has a Young’s modulus of at least;100
GPa.
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