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Abstract

Storage density is presently doubling every year. This requires the read head to approach closer to the magnetic layer, and
ever-thinner layers of carbon. Film thickness below 2 nm and roughness well below 1 nm are needed for the storage of;1 Tby
in . Here we present an analytical and functional characterisation of ultra-thin carbon nitride and pure carbon films produced by2

magnetron sputtering and filtered high current vacuum arc. The main focus is the effect of nitrogen composition and decreasing
film thickness on the relevant mechanical and tribological properties. The carbon bonding has been monitored by using a
combination of Raman spectra, taken at two wavelengths(514 and 244 nm). We show that the density, nitrogen content,
scratching resistance and Young’s modulus of ultra-thin films can all be monitored by the G peak dispersion. Also, the G peak
full width at half maximum is a useful parameter in order to investigate the structural evolution of thin films.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Hard and thin amorphous carbon films are used in
the magnetic storage industry to protect readywrite head
and magnetic media against wear and corrosion. Over-
coats currently used are magnetron-sputtered(MS) nitro-
genated carbon films(a-C:N) with thickness of 4–5 nm
w1–3x.

Storage density is presently doubling every year. The
ultimate barrier to storage density is the super-paramag-
netic limit, where the thermal energy is able to overcome
the coercive energy of the magnetic bit. For the longi-
tudinal recording this limit is;100 Gbityin w4x whilst2

the vertical recording should allow storage densities up
to ;1 Tbityin w5,6x. This requires the read head to2

approach closer to the magnetic layer and ever-thinner
layers of carbon 1–2 nm thickw4x. However, a-C:N
ceases to provide protection against corrosion and wear
in the range of 2–3 nm thicknessw7,8x. The low ion
energy (approx. 5 eV), involved in the magnetron
sputtering, cannot overcome any nucleation barriers.
Thus, it is not possible to deposit continuous and ultra-
thin film by magnetron sputteringw7,8x. To be protective,
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the film should be dense, pin-hole free, smooth and
have good mechanical properties.

A new overcoat and a new deposition method are
needed for future magnetic storage device. Filtered high
current vacuum arc(HCA) is a promising candidate.
The main advantages of this process compared to MS
are considerably higher degree of ionisation(approx.
90%) and ion energy of 20–40 eVw9x. Pure and nitrogen
doped tetrahedral amorphous carbon(ta-C and ta-C:N,
respectively) with density up to 3 gycm , hardness up3

to 70 GPa and low roughness(approx. 0.12 nm) can be
depositedw9x.

The magnetic storage industry needs a quick and non-
destructive probe of ultra-thin film. When the thickness
drops below 3 nm(approx. 20 atoms thick) it is unlikely
that the carbon films can maintain the bulk properties.
Raman spectroscopy is a popular and well-established
technique in order to study the carbon bonding in
amorphous carbon films.

Here, we present a direct comparison of the structural
and mechanical properties of MS deposited a-C:N, HCA
deposited ta-C and(t)a-C:N thin films. We will show
that a combined study of Raman spectra taken at two
wavelengths, in the UV and visible regions, allows an
assessment of the key parameters(mass density, scratch-
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ing resistance, Young’s modulus, nitrogen content) of
any carbon used as a protective overcoat.

2. Experimental

We investigated three sets of samples:
1. a-C:N films deposited with a multiple DC magnetron

sputter deposition chambers(Circulus M12) present
in the production line of IBM, Mainzw10x. These
coatings were deposited on magnetically precoated
glass disks and were not lubed or burnished after the
deposition process. The deposition temperature was
200 8C in order to achieve magnetic layers with high
coercitives. a-C:N films were sputtered from high
purity graphite targets in AryN gas mixture. By2

varying the N concentration in the sputter gas, the2

nitrogen content in the film can be controlled. The
N content varies between 0 and 15 at.%. The mass
density is approximately 1.8–1.9 gycm . The thick-3

ness is approximately 5 nm.
2. (t)a-C:N films produced by HCA with a 1208 macro-

particle filter w11x. These films were deposited on
silicon substrate at room temperature. The thickness
is approximately 5 nm and the nitrogen content varies
between 0 and 15 at.%. The sp content ranges from3

;10 to ;60%. The mass density is between 2 and
2.9 gycm .3

3. ta-C films produced by HCA with a 120 macropar-
ticle filter w11x. These films have been deposited on
silicon substrate at RT, 120 and 2008C. The thickness
is between 0.9 and 20 nm. The HCA source is a
pulsed source, contrary to the FCVA. The films were
deposited with;0.1 pulsesys and frequency of 100
Hz, which corresponds to a deposition rate of;10
nmys, to be compared with 0.2–0.8 nmys of an S
bend filtered cathodic vacuum arcw12x.

The thickness, the density, the sp content and the3

nitrogen content of all films have been determinated by:
(i) X-ray reflectivity (XRR) w8,13x, assuming a single
layer; (ii) X-ray absorption near edge structure
(XANES) w14x; (iii ) X-ray photoelectron spectroscopy
(XPS) w8x. The Young’s modulus was measured by laser
acoustics waves(LAW) w15x and the scratching resis-
tance by atomic force microscopy(AFM) nano-scratch-
ing w16x.

Raman measurements were performed with two Ren-
ishaw Micro Raman 1000 spectrometers at 514.5 and
244 nm in backscattering geometry. For 514.5 nm
excitation and for ultra-thin films the contribution of the
Si third order peak at;1450 cm was carefullyy1

removed w17,18x. The spectra were fitted by using a
Lorentzian function for D and T peaks and a Breit-
Wigner-Fano(BWF) line shape for the G peak.

3. Results

All carbons show common features in their Raman
spectra in the 800–2000 cm region, the so called Gy1

and D peaks, which lie at approximately 1560 cmy1

and 1360 cm , respectively, for visible excitation, andy1

the T peak at approximately 1060 cm , which is visibley1

only with UV excitationw19–21x. The G peak is due to
the bond stretching of all pairs of sp atoms in both2

rings and chains. The D peak is due to the breathing
modes of sp atoms in rings. The T peak is due to the2

C–C sp vibrationsw19–21x.3

In order to analyse the carbon bonding, we study the
Raman parameters as a function of the excitation wave-
length. A most useful parameter, derived by this study,
is the G peak dispersionw20x. The G peak dispersion is
defined as the slope of the line connecting the G peak
positions, measured at different excitation wavelengths.
The G peak dispersion is proportional to the degree of
disorder in the film. The G peak of graphite and nano
crystalline graphite does not disperse(so that the dis-
persion is zero), while ta-C shows the highest dispersion
(approx. 0.45 cm ynm). The G peak dispersion is thusy1

a fingerprint of each different carbon films and allows
to solve the non-uniqueness problem usually found for
single wavelength excitation, where there can be similar
Raman spectra for different samplesw19x. This is partic-
ularly important for magnetic disk deposition since the
films are usually grown at;200 8C, which can favour
the decoupling of the sp clustering from the sp content2 3

w19x.
Due to the almost linear relation between the G peak

wavenumber and the excitation wavelength, we define
the G peak dispersion as:

y1B Ecm GPos(244 nm)yGPos(514.5 nm)
C FG disp s .
D Gnm (514.5y244) nm

(1)

For amorphous carbon nitrides we can apply similar
concepts as those used for N free carbonsw22x. N
introduction in high sp carbons such as ta-C tends to3

induce sp clustering and sp to sp conversion, so we2 3 2

would expect non-uniqueness problems if we would
perform single wavelength measurements. However, N
introduction in low sp samples at high temperature can3

induce disorder, even if it does not increase the sp3

fraction w22x. We thus expect a different trend of the
Raman parameters vs. N content for ta-C:N and a-C:N
films, but the same trend as a function of the mechanical
properties, such as Young’s modulus and scratching
resistance.

A multi-wavelength investigation provides another
useful parameter, the G peak full width at half maximum
(FWHM ). FWHM always decreases as the disorderG G
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Fig. 1. (a) Raman spectra of MS a-C:N(10% N); (b) Raman spectra of(t)a-C:N (15% N); (c, d) Raman spectra of ta-C of different thickness
and excitation wavelength: 244 nm(c) and 514.5 nm(d).

increase, forevery excitation wavelength and forevery
type of carbonw20,22x. The absolute value of FWHMG
decreases with increasing excitation energy and decreas-
es more for more ordered filmsw20x. FWHM does notG

present non-uniqueness problems so, in principle, it can
monitor the carbon bonding even for a single excitation
wavelength. In practise the G peak dispersion, being an
averaged parameter over measures at different wave-
lengths, does have less data scatter than single wave-
length FWHM . Also, the possibility to check theG

self-consistency of measurements for at least two differ-
ent wavelengths, such as 514.5 and 244 nm, gives more
reliable data than a single wavelength investigation.

Fig. 1 shows the Raman spectra of MS a-C:N(a),
(t)a-C:N (b) and ta-C at 244 nm(c) and 514.5 nm(d).
Fig. 2a shows the G peak dispersion of MS a-C:N
against N content. The G peak dispersion for a-C:N is
always lower than 0.1 cm ynm. The dispersion increas-y1

es with N content. This confirms that the nitrogen
introduction increases the disorder into the sp sites.2

This is further demonstrated by FWHM , which increas-G

es with increasing N content, both at 514.5 and 244 nm
excitation wavelengths. Fig. 2b shows the G peak
dispersion of HCA(t)a-C:N films against N content.
Here the G dispersion decreases from 0.24 to 0.1
cm ynm, with increasing N content. Thus, the mainy1
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Fig. 2. G peak dispersion as a function of the N content for(a) MS
a-C:N and(b) HCA (t)a-C:N.

Fig. 3. (a) G peak dispersion of MS a-C:N as a function of the
scratching resistance;(b) G peak dispersion of HCA(t)a-C:N as a
function of the scratching resistance.

Fig. 4. G peak dispersion of HCA(t)a-C:N as a function of the
Young’s modulus.

effect of nitrogen in(t)a-C:N is to induce sp clustering2

and reduce the sp contentw22x.3

Fig. 3a,b show the G peak dispersion of MS and
HCA carbon nitride films against the scratching resis-
tance. The scratching resistance is used by the hard disk
industry as a method to assess the mechanical properties
of ultra-thin carbon overcoats. It is performed by using
an AFM with diamond tipsw16x. Using image subtrac-
tion, scratches down to a residual depth of 0.1 nm can
be evaluated, hence enabling the study of the very
beginning of plastic deformation. The scratch resistance
is defined by the ratio of the applied loading force and
the cross-sectional area of the scratches. The scratching
resistance directly relates to the shear modulus and
hardness of the carbon overcoats. The elastic constants
of amorphous carbons scale with the sp fraction and3

thus with the densityw13,23x. The G peak dispersion
should thus directly correlate with the scratching resis-
tance. This is clearly shown by Fig. 3a and b, where a
linear relation between the G peak dispersion and the
scratching resistance of the two sets of films is seen.
Note that, comparing Figs. 2 and 3, for MS a-C:N the
scratching resistance increases with the N content, whilst
for ta-C:N it decreases, as we expect due to the different
effect of N in these two sets of films, as previously

discussed. The expected worsening of the mechanical
properties for the HCA(t)a-C:N films with increasing
N content is confirmed in Fig. 4, which shows a decrease
of Young’s modulus and G peak dispersion for films
with increasing N content.

Fig. 5a plots the Young’s modulus vs. thickness for
the N-free HCA ta-C films of set 3. Fig. 5b plots the G
peak dispersion for HCA ta-C films against the thick-
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Fig. 5. (a) Young’s modulus as a function of thickness for HCA ta-
C films; (b) G peak dispersion as a function of thickness for HCA
ta-C films. The dotted are a fit to the data with Eq.(2).

Fig. 6. FWHM as a function of thickness for HCA ta-C films of setG

3. The FWHM are measured at two different excitation wavelengths:G

(a) 244 nm and(b) 514.5 nm. The dotted lines are a fit to the data
with Eq. (2).

ness. The G dispersion strongly decreases below 10-nm
film thickness. Also, the FWHM decreases from 240G

cm to 80 cm at 244 nm excitation wavelength andy1 y1

from 280 cm to 120 cm at 633 nm(Fig. 6a andy1 y1

b). This can be understood if we consider the cross
sectional structure of ta-C filmsw13,24,25x. The top-
layer is low density and more graphitic. Underneath
there is the bulk tetrahedral matrix, which is sp rich.3

Between the bulk layer and the substrate an interface
region is formed. Since the deposition conditions were
kept constant during film deposition, the interface and
surface layers are roughly independent from the overall
thicknessw13x. Thus, the thickness reduction results in
a reduction in the ‘bulk’ mainly sp phase. For fixed3

ion energy, the nature of the surface layer does not
change with thickness. When the thickness of the bulk
layer becomes similar to the interface and surface layers
we expect a strong reduction in the Young’s modulus,
as observed in Fig. 5a.

The thinnest film for which we measured E is approx-
imately ;1 nm thick. We can thus assume that no
‘bulk’ phase is left in this film and thus the combined
surface and interface layers Young’s modulus(E ) tocsi

be ;50 GPa. We can thus derive a simple expression
to describe the evolution ofE vs. thickness:

E(t)sE y(E yE ) t yt (2)Bulk Bulk csi csi

where E(t) is the Young’s modulus at a thicknesst,
E is the Young’s modulus of the bulk phase(whichBulk

can be approximated withE for t)20 nm) and t iscsi

the total thickness of the surface and interface layers.
For the HCA films in Fig. 5a, t ;1 nm, whilstcsi

E ;450 GPa. The dot line in Fig. 5a is a plot of Eq.bulk

(2), which yields an excellent agreement, thus confirm-
ing our model.

We can then assume Eq.(2) to describe the G Peak
dispersion and FWHM evolution as a function ofG

thickness, by replacing theE terms in Eq.(2) with the
corresponding G peak dispersions and FWHM , asG

shown in Figs. 5b, 6a, 6b.
Finally, Fig. 7 plots the G peak dispersion against the

Young’s modulus for ta-C films. A linear relation is
found, as expected.

4. Conclusion

We investigated different ultra-thin carbon layers used
as protective coatings in magnetic storage technology.
Resonant Raman spectroscopy has been used success-
fully to monitor the film structural parameters.
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Fig. 7. G peak dispersion of HCA ta-C films of set 3 as a function
of the Young’s modulus.

The G peak dispersion and FWHM are the best wayG

to characterise every type of amorphous carbon film.
For any carbon, a decrease of the G peak dispersion
and FWHM always means ordering and, vice versa, anG

increase of G peak dispersion and FWHM meansG

disordering.
The introduction of nitrogen causes different effects.

In MS sputtered a-C:N deposited at high temperature
nitrogen increases the disorder, so that the mechanical
properties, such as the scratching resistance, slightly
increase with the N content. In HCA ta-C the nitrogen
induces sp clustering and sp to sp conversion, causing2 3 2

a worsening of the mechanical properties.
When the thickness decreases, the film does not

maintain the bulk properties because the thickness reduc-
tion mainly shrinks the bulk sp phase, increasing the3

weight of the softer surface and interface layers.
In any case, a;1 nm thick HCA ta-C film still

posses a Young’s modulus of;50 GPa and;2.6 gy
cm density. Also, it has been shown that the film is3

continuous, ultra-smoothw26x and corrosion resistant
w8x. This satisfies the requirements for the ultimate
storage density limit of;1 Tbityin .2
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