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Abstract

X-ray reflectivity (XRR) and Raman scattering are developed as non-destructive methods to find the density and sp?
content of unhydrogenated and hydrogenated amorphous carbon films. An empirical relationship is found to derive the
sp® fraction from visible Raman spectra, while ultraviolet (UV) Raman is able to directly detect sp® sites. The sp
fraction and density are linearly correlated in amorphous carbon (a-C) and hydrogenated amorphous carbon (a-C:H)

films. © 2000 Elsevier Science B.V. All rights reserved.

The properties of diamond-like carbons (DLCs)
depend primarily on the fraction of sp® and sp’
sites, the hydrogen content and the ordering of sp?
sites [1]. At present electron energy loss spectros-
copy (EELS) is the preferred method to determine
sp® fraction, because this method not only gives
the sp? content from the relative size of the n* peak
on the carbon K edge, but also the valence plas-
mon at 26-34 eV gives the mass density, which is
often proportional to the sp® fraction [2]. Howev-
er, EELS is a destructive and time-consuming
method, so other non-destructive methods would
be valuable. This paper describes advances in the
use of two widely available, non-destructive
methods, glancing angle X-ray reflectivity (XRR)
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to give the film density [3], and secondly Raman
and ultraviolet (UV) Raman scattering to provide
information on sp’ content.

The refractive index of materials to X-rays is
just under 1, so that X-rays are totally internally
reflected within the air when incident at a grazing
angle. The critical angle 0. for total internal re-
flection is given by [3]
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where 4 is the X-ray wavelength, ry = €*/4neymc?
the classical electron radius, M the molar mass of
carbon, N, the Avogadro’s number, Z; are the
atomic numbers, X; the atomic fractions, and p is
the mass density. Writing Xc = 1 — Xy, the mass
density p becomes
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Fig. 1 shows the reflected intensity from a tetra-
hedral amorphous carbon (ta-C) film on a silicon
substrate. The reflected intensity drops sharply
above 0., and shows a series of oscillations as it
declines. For high density carbon films such as ta-
C, the main critical angle is due to the C film.
However, lower density films on Si such as a-C:H
have an electron density less than Si, so the main
0. is from the a-C:H/Si interface, and the a-C:H/air
interface gives a subsiduary critical angle at a
smaller angle. The intensity oscillations beyond 0.
due to the interference between beams reflected
from the surface and substrate/film interface give
the film thickness. The longer period oscillation is
due to internal layering. The complete information
on density, film thickness, surface roughness and
the presence of internal layering is obtained by
modelling the reflections from the film/substrate
pair. In this way, XRR can give the density and
thickness of carbon films to high precision (0.05 g/
cm® and 0.1 nm) [4].

The mass density was previously derived from
valence plasmon energy, E,, measured by EELS
using E, = hi(ne*/eom*)"* or
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Fig. 1. X-ray reflectivity vs scattering angle, for ta-C, ta-C:H
and a-C:H films on Si substrates.
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where n is the valence electron density, m* the
electron effective mass, & the permittivity of free
space and E,, is in eV. Comparing the derivation of
density from XRR and plasmon energies, Eqgs. (2)
and (3), the X-ray critical angle is proportional to
the total number of electrons, whereas the plas-
mon energy is proportional to the valence elec-
trons. Thus, XRR density is less sensitive to H
content than the plasmon energy, which is an ad-
vantage as H content is often less well known.

Eq. (3) assumes that valence eclectrons behave
like free electrons. This approximation works, but
it is necessary to use an electron effective mass m*
of 0.85 to give the observed plasmon energy of
diamond (33.8 eV). It is unclear if the same m*
holds for all carbons. Taking the mass densities of
various carbon films found by XRR and plasmon
energies, we find that m* = 0.87 gives a common fit
to all plasmon energies, so this approximation
holds [4].

Fig. 2 shows the density derived by XRR and
from plasmon energies with this m* value plotted
against sp’ fraction for ta-C deposited by a filtered
cathodic vacuum arc (FCVA) and ta-C:H depos-
ited by plasma beam source (PBS) or by an elec-
tron cyclotron wave resonance (ECWR) system.
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Fig. 2. Variation of density with sp* fraction for ta-C films
grown by FCVA and ta-C:H films grown by PBS and ECWR.
Lines are guide to eye.
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The density and sp? content varies roughly linearly
for the two types of DLCs. The highest density for
ta-C is 3.26 £0.05 g/cm® for 88% sp® fraction,
whereas the ta-C:H has a lower density of 2.36 g/
cm?® for 70% sp* fraction.

The sp® fraction is found from the carbon K
edge EELS spectrum. The sp? fraction is derived
by taking the ratio of areas of the 285 eV peak due
to 7 states and 290 eV edge due to ¢ states, and
comparing this to their ratio in graphite which is
100% sp® [2].

Raman scattering using visible photons is a
popular method to probe the quality of CVD di-
amond and DLC. However, the visible Raman
spectra of DLCs is dominated by the sp’ sites,
which have a ~55 times larger cross-section than
sp? sites, because visible photons are only able to
excite w states. The Raman spectra of carbons is
dominated by two features, a G peak at around
1550 cm™! and a D mode around 1350 cm™' [3].
The G peak is derived from the zone centre E,
bond stretching mode of graphite, and is present in
all sp? bonded carbons. The D mode is a disorder-
activated K zone boundary mode, due to the A4,
symmetry breathing motion of 6-fold aromatic
rings, which requires the presence of such rings.
The interesting feature of Raman in disordered
carbon is that the Raman spectra are dominated
by these two features, rather than resembling the
phonon density of states as it does in a-Si [6].

A detailed analysis of the variation of the Ra-
man spectra of carbon on their bonding finds that
the spectra depend fundamentally on the ordering
of the sp? sites [7]: whether sp? sites form rings or
chains, the density of aromatic rings, and the size
of the aromatic ring clusters. If the sp? and sp?
phases in DLCs are related, for example by the
deposition process, so that the ordering of the sp?
phase evolves as the sp? fraction increases, then we
may use Raman spectra to derive sp® content
empirically.

Fig. 3(a) shows the G peak wavenumber (mea-
sured at 514 nm) plotted against (Tauc) optical gap
for plasma deposited a-C:H from data of Tamor
and Vassell [8]. We previously found that the
optical gap of a-C:H varies systematically with sp*
content derived from EELS or NMR [9] (Fig. 4).
This variation allows us to plot G wavenumber
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Fig. 3. G peak wavenumber vs: (a) optical (Tauc) gap and (b)

sp® fraction, for as-deposited a-C:H films (data from Tamor
and Vassell [8]) for excitation at 514 nm.
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Fig. 4. Tauc gap vs sp’ content for various a-C and a-C:H films
[9]. Lines are guide to eye.
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Fig. 5. UV (244 nm) Raman spectra of ta-C, ta-C:H and a-C:H
and a visible Raman spectrum of a-C:H.
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Fig. 6. Variation of UV Raman T to G peak area vs sp’
fraction for various carbon films.

against sp’ content (Fig. 3(b)). It is seen that the G
peak decreases almost linearly with increasing sp’
content, and may saturate at the highest sp? con-
tent. As the sp? content increases in a-C:H, the sp®
site ordering changes from aromatic clusters at
large sp? content, through single aromatic rings

and olefinic chains in diamond-like a-C:H, to
shorter olefinic chains in polymeric a-C:H, and this
process causes the G peak to shift downwards.

The sp* sites are not directly observed in visible
Raman. The higher photon energies of UV Raman
can excite the o states of sp? sites. The UV Raman
spectra of ta-C shows a new broad peak at 1100
cm~! labeled as T peak, attributed to sp? sites [10]
(Fig. 5) The G peak is still present in UV Raman,
and has now moved to a higher wavenumber. It is
found that the ratio of areas of 7 to G peak cor-
relates well with the sp® content for ta-C [11]. The
UV Raman spectra of other DLCs such as ta-C:H
and a-C:H have been measured (Fig. 6). There is
now a much broader feature below the G peak
instead of a single T peak. There are a number of
contributions to this feature, including C-H
bending modes, which need to be further studied.
Thus, the ratio of T to G peak areas is a rough
guide to the sp? content [12], but further work is
needed to provide a reliable relationship.
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