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Abstract

Carbon thin films are very important as protective coatings for a wide range of applications such as magnetic storage devices.
The key parameter of interest is the sp fraction, since it controls the mechanical properties of the film. Visible Raman3

spectroscopy is a very popular technique to determine the carbon bonding. However, the visible Raman spectra mainly depend
on the configuration and clustering of the sp sites. This can result in the Raman spectra of different samples looking similar2

albeit having a different structure. Thus, visible Raman alone cannot be used to derive the sp content. Here we monitor the3

carbon bonding by using a combined study of Raman spectra taken at two wavelengths(514 and 244 nm). We show how the G
peak dispersion is a very useful parameter to investigate the carbon samples and we endorse it as a production-line characterisation
tool. The dispersion is proportional to the degree of disorder, thus making it possible to distinguish between graphitic and
diamond-like carbon.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ultra-thin carbon films are essential in the magnetic
storage industry as protective coatings against mechan-
ical wear and corrosion. The magnetic layer of common
hard disks are presently protected by a 4–5 nm thick
amorphous carbon film with a significant percentage of
nitrogen(a-C:N) or hydrogen(a-C:H) w1–5x. The trend
is towards a reduction of the thickness to;2 nm and
the use of tetrahedral amorphous carbon(ta-C) with
high sp content. To have good protective qualities,3

these films should be dense, pinhole free and have good
mechanical properties. Therefore, the application of a
proper calibrated in situ analysing tool, which can assess
their key physical parameters, such as the mass density
and the sp content, would be of great importance as3

monitoring and process control tool.
Raman spectroscopy is a popular and established

technique in the magnetic storage industry to gain
information on the carbon filmw6–9x. Empirical rules
were used in the past to derive information on a-C:H
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films, for spectra measured at 488 or 514.5 nm. How-
ever, after the introduction of nitrogen containing films
as protective coating, it became impossible for hard disk
manufactures to determine the above-mentioned physical
parameters by the same empirical rules used for a-C:H
films. We thus need to adopt a less empirical approach
to the problem and apply the recent developments on
the understanding of Raman scattering from carbon films
to assess the hard disk and fliers carbon overcoats
w10,11x. In particular, here we consider in detail the use
of two wavelengths Raman spectroscopy at 514.5 and
244 nm. This VIS–UV Raman characterisation allows a
more direct assessment of the sp content and related3

physical parameters(mass density, scratching resistance)
of any carbon systems used as protective overcoat.

2. Experimental

We investigated three sets of samples:
1. a-C:N films deposited in a commercial static single

disk sputtering system(Circulus M12) with multiple
DC magnetron sputter deposition chambers present in
the production line of IBM, Mainzw6x. These coatings
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were deposited on magnetically precoated glass disks
and were not lubed or burnished after the deposition
process. The deposition temperature was 2008C in
order to achieve magnetic layers with high coercitives.
a-C:N films were sputtered from high purity graphite
targets in AryN gas mixtures. By varying the N2 2

concentration in the sputter gas, the nitrogen content
in the film can be controlled.

2. a-C:N films deposited via bias magnetron sputtering
with bias voltage ranging fromy50 to y200 V
(Circulus M12, production line of IBM, San Jose).
As for set 1, the substrates were magnetically pre-
coated glass disks and deposition temperature was
200 8C.

3. ta-C:N films produced by a filtered high current arc
evaporator with a 1208 macroparticle filter(HCA
films) w12,13x. These films were deposited on Si
substrates at room temperature.

The sp content of the ta-C:N films(set 3), the mass3

density and the nitrogen content of all films(sets 1–3)
and the scratching resistance of set 3 were determined
via XANES, XRR, XPS and AFMw2,6,14–18x. The
sp content of the ta-C:N films(set 3) ranges from;103

to ;60%. The mass density of all films ranges from
1.8 to 2.9 gycm . The mass density values were deter-3

mined by using a Siemens D5000 XRR system(Cu K-
a radiation,ls0.154 nm) with a commercial autofitting
software. Best fit results were obtained for the measured
reflectivity curves by assuming a single layer model for
the overcoats. The thickness of all investigated samples
varies from 2 to 30 nm and was determined by ellipso-
metry and XRR. The N content of the ta-C:N films(set
3) ranges from 0 to 15 at.% N and the N content of the
sputtered a-C:N coatings(sets 1,2) was constant at
6.3 at.% N.

Raman measurements were performed with two Ren-
ishaw Micro Raman 1000 spectrometers at 514.5 and
244 nm in backscattering geometry. To prevent damage
in UV excitation, the laser power was kept below
1.5 mW. The acquisition time did not exceed 1.5 min.
Furthermore, the sample holder of the microscope was
modified with an electric motor thus enabling the sample
to rotate at high speed. The spectra were fitted by using
two Gaussian functions for the G and the D peak.

3. Results and discussion

We first summarise the Raman spectra of amorphous
carbons. All carbons show common features in their
Raman spectra in the 800–2000 cm region, the so-y1

called G and D peaks, which lie at approximately 1560
and 1360 cm , respectively, for visible excitation, andy1

the T peak at approximately 1060 cm , seen only iny1

UV excitation w10,11,19x. Except for UV excitation, the

Raman spectra are dominated by the sp sites because2

the excitation resonates withp states. The G and D
peaks are due to sp sites. The G peak is due to the2

bond stretching of all pairs of sp atoms in both rings2

and chains. The D peak is due to the breathing modes
of sp atoms in ringsw10,19x. The T peak is due to the2

C–C sp vibrationsw10,11,20x.3

A phenomenological three-stage model was developed
in Ferrari and Robertsonw10,11x to interpret the Raman
spectra of amorphous carbon measured for any excita-
tion energyw10x. The evolution of the carbon system
from graphite to nanocrystalline graphite, a-C and finally
ta-C is represented by an amorphisation trajectory, evolv-
ing over three stages(Fig. 1a). The Raman spectra
fundamentally depend on the following parametersw10x:

a. clustering of the sp phase2

b. bond disorder
c. presence of sp rings or chains and2

d. the spysp ratio2 3

Under some circumstances, such as if the deposition
temperature is varied or if the films are thermally
annealed, the sp configuration is not unique and it can2

vary independently of the sp contentw10x. In this case,3

for a particular sp content and excitation energy, we3

can have a number of different Raman spectra, or
equivalently, similar Raman spectra for different sp3

contents. This non-uniqueness was called hysteresis
w10x, since by following an ordering trajectory, from
high sp to low sp material, the G peak position and3 3

I(D)yI(G) do not necessary follow the same trajectory
defined by the amorphisation trajectory(Fig. 1b).

This is relevant for the present study since the
magnetron sputtered samples(sets 1, 2) were deposited
at T;200 8C and with an N content of;6 at.% N,
whilst the ta-C:N samples(set 3) were deposited with
an increasing N content. High temperature deposition
and N incorporation both favour the clustering of the
sp phase and this clustering not necessarily follows the2

sp to sp conversion. We thus expect non-uniqueness3 2

in the relation between visible Raman spectra and the
film properties. Fig. 2 shows a clear example. The
position of the G-peak and theI(D)yI(G) ratio measured
at 514.5 nm are plotted against the mass density for the
(t)a-C:(N) films of this study(sets 1–3). There is no
clear correlation between the Raman parameters and the
density. TheI(D)yI(G) can differ by a factor of two for
samples with the same mass density. Raman investiga-
tions carried out at a single wavelength are therefore
unsuitable for production line carbon characterisation.

By using different distinct wavelengths and by ana-
lysing the behaviour of the Raman parameters as a
function of the excitation wavelength, additional impor-
tant information on the internal structure of the carbon
system becomes availablew10,11,21x. The most useful
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Fig. 1. Three stage model of the variation of the Raman G position and the D to G intensity ratio,I(D)yI(G), with increasing disorderw10x. The
dotted left-pointing arrows in(b) mark the non-uniqueness region in the ordering trajectory.(c) Shows the variation of the sp configuration in2

the three amorphisation stages.

parameter derived by such an analysis is the dispersion
of the G peak. Ferrari and Robertsonw11x showed how
the G peak positions change in a roughly linear way as
a function of the excitation energy. The G peak disper-
sion was thus defined as the slope of the line connecting
the G peak positions measured at different wavelength
w11x. For industrial applications we want to be able to
use the minimum number of excitation wavelengths. We
thus assume the variation of the G peak position to be
perfectly linear with excitation wavelength and define

the G peak dispersion as:

UV-G-Posy VIS-G-PosŽ . Ž .
G-Peak-Dispersions

Dl

whereDls514.5 nmy244 nms270.5 nm in our case.
The G-peak only disperses in disordered carbon where

the dispersion is proportional to the degree of disorder
w11x. This allows us to solve the non-uniqueness
problem.
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Fig. 2. Non-uniqueness in the VIS-Raman parameters vs. density rela-
tion for the series of(t)a-C:N of set 1(DC MS), set 2(Bias MS)
and set 3(HCA).

Fig. 3. Three stage model of the variation of the G peak position vs.
disorder for visible and UV excitation in amorphous carbon nitrides.
The bold right-pointing arrows represent the amorphisation trajectory
in stages 2 and 3. The ‘bow-tie’ and triangular-shaped regions defined
by the dotted and continuous left-pointing arrows define the non-
uniqueness regions for UV and visible excitations, respectively. N
introduction generally induces non-uniqueness in stage 3, as indicated
by the letter N in the graph.

Ferrari and Robertsonw11x showed how the G peak
position increases as the excitation wavelength decreas-
es, from Visible to UV. The dispersion rate increases
with disorder. The G peak does not disperse in graphite
itself, nanocrystalline(nc)-graphite or glassy carbon
w11x. The G peak only disperses in more disordered
carbons, where the dispersion is proportional to the
degree of disorderw11x. The G peak dispersion separates
the materials into two types. In materials with only sp2

rings, the G peak dispersion saturates at a maximum of
;1600 cm , the G position in nc-graphite. In contrast,y1

in those materials also containing sp chains, particularly2

ta-C and ta-C:H, the G peak continues to rise past 1600
cm and can reach 1690 cm at 229 nm excitationy1 y1

in ta-C. Thus, ta-C has the largest dispersion, followed
by ta-C:H and polymeric a-C:H.

In case of non-uniqueness, following an ordering
trajectory, as for Fig. 1b, in visible Raman spectra the

G peak position tends to increase going from stage III
to stage II. For UV Raman spectra however, clustering
induces a decrease of the G peak position when moving
from stage III to stage II, as indicated in Fig. 1b and
Fig. 3 by the left pointing arrows. These opposite trends
in visible and UV Raman can be used to solve the non-
uniqueness problem. If the G peak positions of two
carbon samples are similar for 514.5 nm excitation but
differ in the UV, then the sp clustering is higher in the2

sample with the lower G peak dispersionw11x.
A clear demonstration of this behaviour can be seen

in Fig. 4. The G peak positions of the visible and UV
Raman spectra are plotted against the nitrogen content
for the series of(t)a-C:N films of set 3. The nitrogen
content ranges from 0 to 15 at.% as determined by XPS.
The linear decrease of the UV G peak position with
increasing N content contrasts with the very weak
change of the G peak measured by visible Raman
spectroscopy. However, if the G peak dispersion is used,
a unique relationship with the N content is found, Fig.
4b.

Fig. 5 shows another example. The G-peak positions
of the carbon films of sets 1–3 are plotted against the
density (Fig. 5a). It is hard to see a coherent trend in
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Fig. 4. (a) G peak position as a function of the nitrogen content for a series of ta-C:N samples(HCA samples on Si at room temperature, set 3).
While the G peak position at 514.5 nm remains almost constant the UV G-peak position decreases almost linearly with increasing N content.(b)
G peak dispersion plotted against the N content. The decrease of the dispersion with increasing nitrogen content corresponds to a loss in the
tetrahedric network and a decrease in sp .3

Fig. 5a. If we now consider the G-peak dispersion and
plot it against the density we get the clear trend of Fig.
5b. This shows again how the G peak dispersion is the
parameter of choice for the on-line characterisation of
carbon coated disks.

Fig. 3 shows that the ‘jump’ between visible and UV
Raman data becomes bigger the higher the sp content.3

This is very useful in view of the future adoption of ta-
C as coating material. The ever-shrinking thickness will
result in smaller and noisier spectra, however, the

increase in the dispersion range will compensate the
noise increase with sensitivity increase.

The other preferred means to characterise the mechan-
ical properties of ultrathin carbon overcoats is Atomic
Force Microscopy(AFM) performed with diamond tips
w15–17x. This provides a powerful method to distinguish
the scratch resistance of ultra-thin protective coatings.
Using image subtraction, scratches down to a residual
depth of 1 A can be evaluated, hence enabling the study˚
of the very beginning of plastic deformation. The scratch
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Fig. 5. (a) G peak position as a function of the mass density for 514.5 nm(solid symbols) and 244 nm(open symbols) excitation, for the a-
C:N samples of set 1(DC MS) set 2(Bias MS) and set 3(HCA). No clear trend is seen for each of the two wavelengths taken alone.(b) G-
peak dispersion as function of the mass density. The combination of the VIS and UV spectra leads to a clear correlation with the mass density.

resistance is defined by the ratio of the applied loading
force and the cross-sectional area of the scratches. We
measured the scratch resistance for the series of(t)a-
C:N films of set 3 with N content varying from
0 ;15 at.%N. The tips had radii of 50–90 nm which
was detected by scanning across an array of very sharp
silicon tips. The cantilevers had spring constants of 144
and 160 Nym. The scratching depth was varied from

0.06 to 0.4 nm, the normal force varied from
2.8 to 5mN.

The scratch 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 densityw18,22,23x. We3

thus expect the G peak dispersion to directly correlate
with the scratching resistance. This is clearly shown in
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Fig. 6. G-peak dispersion of ta-C:N films(HCA films on Si at room temperature, set 3) as a function of the AFM-scratching resistance.

Fig. 6, where a linear relation between scratching resis-
tance and G peak dispersion is found.

4. Conclusion

We investigated ultra-thin amorphous carbon layers
used as protective coatings in the magnetic storage
industry. By combining the visible and UV Raman
measurements, we derived the dispersion of the G-peak.
This is successfully applied as indicator to monitor
structural parameters of the carbon films.
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