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Abstract

Storage density is presently doubling every year. This requires the read head to approach closer to the magnetic layer, an
ever-thinner layers of carbon. Film thickness below 2 nm and roughness well below 1 nm are needed for the stefag®/of
in%. Here we present an analytical and functional characterisation of ultra-thin carbon nitride and pure carbon films produced by
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 wavelengfist and 244 nth 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 the film should be dense, pin-hole free, smooth and
have good mechanical properties.

Hard and thin amorphous carbon films are used in A new overcoat and a new deposition method are
the magnetic storage industry to protect réadte head  needed for future magnetic storage device. Filtered high
and magnetic media against wear and corrosion. Over-cyrrent vacuum ardHCA) is a promising candidate.
coats currently used are magnetron-sputt¢k8) nitro-  The main advantages of this process compared to MS
genated carbon filméa-C:N) with thickness of 4-5nm 5. considerably higher degree of ionisatitapprox.
[1-3. L _ 90%) and ion energy of 20—40 el®]. Pure and nitrogen

Storage d‘?”s'ty is presently QOu_bllng every year. The doped tetrahedral amorphous carb@a-C and ta-C:N,
ultimate barrier to storage density is the super—paramag-respectively with density up to 3 gcm?, hardness up

netic limit, where the thermal energy is able to overcome
the coercive energy of the magnetic bit. For the longi- to 70 GPa and low roughnegapprox. 0.12 nmcan be

tudinal recording this limit is~ 100 Gbit/in? [4] whilst  deposited9]. _ _
the vertical recording should allow storage densities up "€ magnetic storage industry needs a quick and non-
to ~1 Thit/in? [5,6]. This requires the read head to destructive probe of ultra-thin film. When the thickness
approach closer to the magnetic layer and ever-thinnerdrops below 3 nntapprox. 20 atoms thiokit is unlikely
layers of carbon 1-2 nm thick4]. However, a-C:N  that the carbon films can maintain the bulk properties.
ceases to provide protection against corrosion and wearRaman spectroscopy is a popular and well-established
in the range of 2—3 nm thicknedg,8]. The low ion technique in order to study the carbon bonding in
energy (approx. 5 eV, involved in the magnetron amorphous carbon films.
sputtering, cannot overcome any nucleation barriers. Here, we present a direct comparison of the structural
Thus, it is not possible to deposit continuous and ultra- and mechanical properties of MS deposited a-C:N, HCA
thin film by magnetron sputterinfy,8]. To be protective,  geposited ta-C andt)a-C:N thin films. We will show
“Corresponding author, Tel.+ 44-1223-332659; fax:t 44-1223-  hat @ combined study of Raman spectra taken at two
332662. wavelengths, in the UV and visible regions, allows an
E-mail address: acf26@eng.cam.ac.uA.C. Ferran. assessment of the key paramet@nass density, scratch-
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ing resistance, Young's modulus, nitrogen conteoit 3. Results

any carbon used as a protective overcoat.

All carbons show common features in their Raman
spectra in the 800—2000 crh  region, the so called G
and D peaks, which lie at approximately 1560 tn
and 1360 cm? , respectively, for visible excitation, and

We investigated three sets of samples: the T peak at approximately 1060 cth , which is visible
1. a-C:N films deposited with a multiple DC magnetron only with UV excitation[19—-21. The G peak is due to

sputter deposition chambe(€irculus M12 present  the bond stretching of all pairs of $p atoms in both

in the production line of IBM, Mainz[10]. These rings and chains. The D peak is due to the breathing
coatings were deposited on magnetically precoatedmodes of sp atoms in rings. The T peak is due to the
glass disks and were not lubed or burnished after theC—C sg vibrationd19-21.

deposition process. The deposition temperature was In order to analyse the carbon bonding, we study the

200°C in order to achieve magnetic layers with high Raman parameters as a function of the excitation wave-

coercitives. a-C:N films were sputtered from high length. A most useful parameter, derived by this study,
purity graphite targets in AN, gas mixture. By is the G peak dispersiof20]. The G peak dispersion is

varying the N concentration in the sputter gas, the defined as the slope of the line connecting the G peak
nitrogen content in the film can be controlled. The POsitions, measured at different excitation wavelengths.

N content varies between 0 and 15 at.%. The mass'he G peak dispersion is proportional to the degree of

density is approximately 1.8—1.9/gr®. The thick-  disorder in the film. The G peak of graphite and nano

ness is approximately 5 nm. cryst_alllr_le graphlte_z does not dlsper(sg) that the dls_—

2. (t)a-C:N films produced by HCA with a 12Gnacro- persion is zerp erwlle ta-C shows the h!ghest_dlspersmn
particle filter [11]. These films were deposited on (approx. 0.'45 cm /nm)_. The G peak dls_per5|on is thus
silicon substrate at room temperature. The thickness2 fingerprint of each different carbon films and allows
is approximately 5 nm and the nitrogen content varies to solve the non-uniqueness problem usually foun_d _for
between 0 and 15 at.%. The3sp content ranges fromsmgle wavelength excitation, where there can be similar

L Raman spectra for different samplgd®)]. This is partic-
~ ~ 0,
5 S}Og/tcorrﬁ 60%. The mass density is between 2 and ularly important for magnetic disk deposition since the

) ) films are usually grown at~200 °C, which can favour
3. ta-C films produced by HCA with a 120 macropar- he gecoupling of the €p clustering from thésp content
ticle filter [11]. These films have been deposited on [19].
silicon substrate at RT, 120 and 200. The thickness Due to the almost linear relation between the G peak
is between 0.9 and 20 nm. The HCA source is a wayenumber and the excitation wavelength, we define
pulsed source, contrary to the FCVA. The films were the G peak dispersion as:
deposited with~0.1 pulsegs and frequency of 100
Hz, which corresponds to a deposition rate 010 . (em™ Y GPog244 nm—GPog514.5 nm
nm/s, to be compared with 0.2—-0.8 fimof an S G dlsl{ )= 514 5244 .
bend filtered cathodic vacuum aft2]. ( ' ) nm

2. Experimental

The thickness, the density, the3sp content and the @

nitrogen content of all films have been determinated by:  Eqr amorphous carbon nitrides we can apply similar
(i) X-ray reflectivity (XRR) [8,13, assuming a single  concepts as those used for N free carbd@gl. N
layer; (ii) X-ray absorption near edge structure introduction in high sp carbons such as ta-C tends to
(XANES) [14]; (iii) X-ray photoelectron spectroscopy induce sp clustering and $p to%p conversion, so we
(XPS) [8]. The Young's modulus was measured by laser would expect non-uniqueness problems if we would
acoustics wavesLAW) [15] and the scratching resis- perform single wavelength measurements. However, N
tance by atomic force microsco@AFM) nano-scratch-  introduction in low sp samples at high temperature can
ing [16]. induce disorder, even if it does not increase thé sp
Raman measurements were performed with two Ren-fraction [22]. We thus expect a different trend of the
ishaw Micro Raman 1000 spectrometers at 514.5 andRaman parameters vs. N content for ta-C:N and a-C:N
244 nm in backscattering geometry. For 514.5 nm films, but the same trend as a function of the mechanical
excitation and for ultra-thin films the contribution of the properties, such as Young’s modulus and scratching
Si third order peak at~1450 cm' was carefully resistance.
removed[17,1§. The spectra were fitted by using a A multi-wavelength investigation provides another
Lorentzian function for D and T peaks and a Breit- useful parameter, the G peak full width at half maximum
Wigner-Fano(BWF) line shape for the G peak. (FWHMg). FWHMg always decreases as the disorder
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Fig. 1. (a) Raman spectra of MS a-C:M.0% N); (b) Raman spectra dft)a-C:N (15% N); (c, d) Raman spectra of ta-C of different thickness
and excitation wavelength: 244 nfs) and 514.5 nn{d).

increase, forevery excitation wavelength and fawery Fig. 1 shows the Raman spectra of MS a-Q4&),
type of carbon[20,24. The absolute value of FWHM (t)a-C:N (b) and ta-C at 244 nnic) and 514.5 nn{d).
decreases with increasing excitation energy and decreasFig. 2a shows the G peak dispersion of MS a-C:N
es more for more ordered film&0]. FWHMg does not  against N content. The G peak dispersion for a-C:N is
present non-unigueness problems so, in principle, it canalways lower than 0.1 cm'/nm. The dispersion increas-
monitor the carbon bonding even for a single excitation es with N content. This confirms that the nitrogen
wavelength. In practise the G peak dispersion, being anintroduction increases the disorder into the* sp sites.
averaged parameter over measures at different wave-This is further demonstrated by FWHM , which increas-
lengths, does have less data scatter than single wavees with increasing N content, both at 514.5 and 244 nm
length FWHM; . Also, the possibility to check the excitation wavelengths. Fig. 2b shows the G peak
self-consistency of measurements for at least two differ- dispersion of HCA(t)a-C:N films against N content.
ent wavelengths, such as 514.5 and 244 nm, gives moreHere the G dispersion decreases from 0.24 to 0.1
reliable data than a single wavelength investigation. cm~*/nm, with increasing N content. Thus, the main
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Fig. 3. (@) G peak dispersion of MS a-C:N as a function of the

Fig. 2. G peak dispersion as a function of the N content(fdrMS
a-C:N and(b) HCA (t)a-C:N.

effect of nitrogen in(t)a-C:N is to induce sp clustering
and reduce the $p contef&2].

scratching resistancéb) G peak dispersion of HCAt)a-C:N as a
function of the scratching resistance.

discussed. The expected worsening of the mechanical
properties for the HCA(t)a-C:N films with increasing

Fig. 3a,b show the G peak dispersion of MS and N content is confirmed in Fig. 4, which shows a decrease
HCA carbon nitride films against the scratching resis- of Young’s modulus and G peak dispersion for films
tance. The scratching resistance is used by the hard diskvith increasing N content.
industry as a method to assess the mechanical properties Fig. 5a plots the Young’s modulus vs. thickness for
of ultra-thin carbon overcoats. It is performed by using the N-free HCA ta-C films of set 3. Fig. 5b plots the G

an AFM with diamond tipg16]. 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 and
thus with the density{13,23. 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

0.28 T T T T T T

peak dispersion for HCA ta-C films against the thick-
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for ta-C:N it decreases, as we expect due to the differentrig. 4. G peak dispersion of HCADa-C:N as a function of the
effect of N in these two sets of films, as previously Young’s modulus.
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Fig. 5. (@) 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 E@).

ness. The G dispersion strongly decreases below 10-nm

film thickness. Also, the FWHN decreases from 240
cm~* to 80 cnt® at 244 nm excitation wavelength and
from 280 cnT! to 120 cm® at 633 nr(Fig. 6a and

b). This can be understood if we consider the cross
sectional structure of ta-C film§13,24,25. The top-
layer is low density and more graphitic. Underneath
there is the bulk tetrahedral matrix, which is*sp rich.
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
thickness[13]. Thus, the thickness reduction results in
a reduction in the ‘bulk’ mainly sp phase. For fixed
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 modu(is,) to

C. Casiraghi et al. / Diamond and Related Materials 13 (2004) 1480—1485

E(t) :EBqu_ (EBqu_Ecsi) tcsi/t (2)

where E(r) is the Young's modulus at a thickness
Eguik is the Young's modulus of the bulk phagehich

can be approximated witl for 1>20 nm) and z is

the total thickness of the surface and interface layers.
For the HCA films in Fig. 5a,t.i~1 nm, whilst
Epu~450 GPa. The dot line in Fig. 5a is a plot of Eq.
(2), which yields an excellent agreement, thus confirm-
ing our model.

We can then assume E(R) to describe the G Peak
dispersion and FWHM evolution as a function of
thickness, by replacing thg terms in Eq.(2) with the
corresponding G peak dispersions and FWHM , as
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. 6. FWHM; as a function of thickness for HCA ta-C films of set
3. The FWHM; are measured at two different excitation wavelengths:

be ~50 GPa. We can thus derive a simple expression (a) 244 nm andb) 514.5 nm. The dotted lines are a fit to the data

to describe the evolution df vs. thickness:

with Eq. (2).
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