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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 Raman
spectroscopy is a very popular technique to determine the carbon bonding. However, the visible Raman spectra mainly depen
on the configuration and clustering of the?sp sites. This can result in the Raman spectra of different samples looking similar
albeit having a different structure. Thus, visible Raman alone cannot be used to deriveé the sp content. Here we monitor the
carbon bonding by using a combined study of Raman spectra taken at two wavel&igthend 244 nmh 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 characterisati
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 films, for spectra measured at 488 or 514.5 nm. How-
ever, after the introduction of nitrogen containing films

Ultra-thin carbon films are essential in the magnetic as protective coating, it became impossible for hard disk
storage industry as protective coatings against mechanmanufactures to determine the above-mentioned physical
ical wear and corrosion. The magnetic layer of common parameters by the same empirical rules used for a-C:H
hard disks are presently protected by a 4-5 nm thick films. We thus need to adopt a less empirical approach
amorphous carbon film with a significant percentage of to the problem and apply the recent developments on
nitrogen(a-C:N) or hydrogen(a-C:H) [1-5]. The trend  the understanding of Raman scattering from carbon films
is towards a reduction of the thickness 02 nm and to assess the hard disk and fliers carbon overcoats
the use of tetrahedral amorphous carb@a-C) with [10,11. In particular, here we consider in detail the use
high sg content. To have good protective qualities, of two wavelengths Raman spectroscopy at 514.5 and
these films should be dense, pinhole free and have good®244 nm. This VIS-UV Raman characterisation allows a
mechanical properties. Therefore, the application of a more direct assessment of the®*sp content and related
proper calibrated in situ analysing tool, which can assessphysical parametersnass density, scratching resistance
their key physical parameters, such as the mass densityf any carbon systems used as protective overcoat.
and the sp content, would be of great importance as
monitoring and process control tool. 2. Experimental

Raman spectroscopy is a popular and established
technique in the magnetic storage industry to gain
information on the carbon filn{6—9. Empirical rules
were used in the past to derive information on a-C:H

We investigated three sets of samples:

1. a-C:N films deposited in a commercial static single
disk sputtering systemiCirculus M12 with multiple
*Corresponding author. Tel+49-6131-842942. DC magnetron sputter deposition chambers present in
E-mail address: m.v.gradowski@de.ibm.coifM.v. Gradowsk). the production line of IBM, MainZ6]. These coatings
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were deposited on magnetically precoated glass disksRaman spectra are dominated by thé sp sites because
and were not lubed or burnished after the deposition the excitation resonates withr states. The G and D
process. The deposition temperature was 200in peaks are due to $p sites. The G peak is due to the
order to achieve magnetic layers with high coercitives. bond stretching of all pairs of $p atoms in both rings
a-C:N films were sputtered from high purity graphite and chains. The D peak is due to the breathing modes
targets in AYN, gas mixtures. By varying the N  of sp? atoms in ringg§10,19. The T peak is due to the
concentration in the sputter gas, the nitrogen contentC—C sg vibrationg10,11,20.
in the film can be controlled. A phenomenological three-stage model was developed
2. a-C:N films deposited via bias magnetron sputtering in Ferrari and Robertsofi0,11] to interpret the Raman
with bias voltage ranging from—50 to —200 V spectra of amorphous carbon measured for any excita-
(Circulus M12, production line of IBM, San Jose tion energy[10]. The evolution of the carbon system
As for set 1, the substrates were magnetically pre- from graphite to nanocrystalline graphite, a-C and finally
coated glass disks and deposition temperature wasta-C is represented by an amorphisation trajectory, evolv-
200°C. ing over three stage$Fig. 139. The Raman spectra
3.ta-C:N films produced by a filtered high current arc fundamentally depend on the following parame{d/@:
evaporator with a 120 macroparticle filter (HCA )
films) [12,13. These films were deposited on Si @& clustering of the sh phase

substrates at room temperature. b. bond disorder _
c. presence of sp rings or chains and

The sg content of the ta-C:N filmset 3, the mass  d. the sp/sp® ratio
density and the nitrogen content of all filngsets 1-3 . _ -
and the scratching resistance of set 3 were determined Under some circumstances, such as if the deposition
via XANES, XRR, XPS and AFM[2,6,14-18. The temperature is varied or if the films are thermally
sp* content of the ta-C:N filméset 3 ranges from~ 10 annealed, the $p configuration is not unique and it can
to ~60%. The mass density of all films ranges from Vary independently of the 3p conteft0]. In this case,
1.8 to 2.9 gcn®. The mass density values were deter- for a particular sp content and excitation energy, we
mined by using a Siemens D5000 XRR systé@u K- can have a number of different Raman spectra, or
« radiation,A =0.154 nm with a commercial autofitting ~ €duivalently, similar Raman spectra for different®sp
software. Best fit results were obtained for the measuredcontents. This non-uniqueness was called hysteresis
reflectivity curves by assuming a single layer model for [10], since by following an ordering trajectory, from
the overcoats. The thickness of all investigated sampleshigh sp to low s material, the G peak position and
varies from 2 to 30 nm and was determined by ellipso- /(D)//(G) do not necessary follow the same trajectory
metry and XRR. The N content of the ta-C:N filrtset ~ defined by the amorphisation trajectoffyig. 1b).
3) ranges from 0 to 15 at.% N and the N content of the ~ This is relevant for the present study since the
sputtered a-C:N coatingésets 1,2 was constant at magnetron sputtered samplesets 1, 2 were deposited
6.3 at.% N. at T~200 °C and with an N content of~6 at.% N,

Raman measurements were performed with two Ren-Whilst the ta-C:N samplegset 3 were deposited with
ishaw Micro Raman 1000 spectrometers at 514.5 and@n increasing N content, High temperature'deposmon
244 nm in backscattering geometry. To prevent damagea”d N incorporation both'favour the clust_erlng of the
in UV excitation, the laser power was kept below sp? phase and thls_clusterlng not necessarily foI_Iows the
1.5 mW. The acquisition time did not exceed 1.5 min. SP° t0 B conversion. We thus expect non-uniqueness
Furthermore, the sample holder of the microscope wasi" the relation between visible Raman spectra and the
modified with an electric motor thus enabling the sample flm_properties. Fig. 2 shows a clear example. The
to rotate at high speed. The spectra were fitted by usingP0sition of the G-peak and th€D)/I(G) ratio measured

two Gaussian functions for the G and the D peak. 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
3. Results and discussion density. The/(D)/I(G) can differ by a factor of two for
samples with the same mass density. Raman investiga-
We first summarise the Raman spectra of amorphoustions carried out at a single wavelength are therefore
carbons. All carbons show common features in their unsuitable for production line carbon characterisation.
Raman spectra in the 800-2000 th  region, the so- By using different distinct wavelengths and by ana-
called G and D peaks, which lie at approximately 1560 lysing the behaviour of the Raman parameters as a
and 1360 cm? , respectively, for visible excitation, and function of the excitation wavelength, additional impor-
the T peak at approximately 1060 crh , seen only in tant information on the internal structure of the carbon
UV excitation[10,11,19. Except for UV excitation, the  system becomes availab[@¢0,11,2]. 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(@id(G), with increasing disordef10]. The
dotted left-pointing arrows irfb) mark the non-uniqueness region in the ordering trajectayyShows the variation of the $p configuration in
the three amorphisation stages.

parameter derived by such an analysis is the dispersionthe G peak dispersion as:

of the G peak. Ferrari and Robertsfiil] showed how

the G peak positions change in a roughly linear way as _ . (UV-G-Pog—(VIS-G-Pog

a function of the excitation energy. The G peak disper- G-Peak-Dispersion AN

sion was thus defined as the slope of the line connecting

the G peak positions measured at different wavelengthwhereAA =514.5 nm-244 nm=270.5 nm in our case.
[11]. For industrial applications we want to be able to  The G-peak only disperses in disordered carbon where
use the minimum number of excitation wavelengths. We the dispersion is proportional to the degree of disorder
thus assume the variation of the G peak position to be [11]. This allows us to solve the non-uniqueness
perfectly linear with excitation wavelength and define problem.
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G peak position tends to increase going from stage llI
_ to stage Il. For UV Raman spectra however, clustering
1580 | PPy 1 induces a decrease of the G peak position when moving
. " reh men 1 from stage Ill to stage Il, 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
1560 - ag . ] carbon samples are similar for 514.5 nm excitation but
a . differ in the UV, then the sp clustering is higher in the
1550 |- ] sample with the lower G peak dispersifii].

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
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16 —— , : : S spectroscopy. However, if the G peak dispersion is used,
- ¢ Dows  aoN a unique relationship with the N content is found, Fig.
14 B HCA  taCN T 4b.
12 | i Fig. 5 shows another example. The G-peak positions
e of the carbon films of sets 1-3 are plotted against the
10k _ density (Fig. 59. It is hard to see a coherent trend in
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Fig. 2. Non-uniqueness in the VIS-Raman parameters vs. density rela-v‘g 1600
tion for the series oft)a-C:N of set 1(DC MS), set 2(Bias MS =
and set I(HCA). S
7
) o
Ferrari and Robertsofill] showed how the G peak % 1560

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 55
itself, nanocrystalline(nc)-graphite or glassy carbon

[11]. The G peak only disperses in more disordered
carbons, where the dispersion is proportional to the

degree of.diso.rde[ﬂl]. The G peak dispersion separates 1480% sp® ‘ 0% sp° ' ~20% sp° ' 85% sp’
the materials into two types. In materials with only?sp Amorphization Trajectory
rings, the G peak dispersion saturates at a maximum of Ordering Trajectory
~1600 cnT!, the G position in nc-graphite. In contrast,

in those materials also containing’sp chains, particularly Fig. 3. Three stage model of the variation of the G peak position vs.
ta-C and ta-C:H, the G peak continues to rise past 1600disorder for visible and UV excitation in amorphous carbon nitrides.
cm~! and can reach 1690 crh at 229 nm excitation The bold right-pointing arrows represent the amorphisation trajectory

in ta-C. Thus, ta-C has the largest dispersion, followed in stages 2 and 3. The ‘bow-tie’ and triangular-shaped regions defined
by ta-C'H and polymeric a-C:H ’ by the dotted and continuous left-pointing arrows define the non-

. . . uniqueness regions for UV and visible excitations, respectively. N
|_n case of non-uniqueness, following an ordering introduction generally induces non-uniqueness in stage 3, as indicated
trajectory, as for Fig. 1b, in visible Raman spectra the by the letter N in the graph.
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Fig. 4.(a) G peak position as a function of the nitrogen content for a series of ta-C:N sathfil&s 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 (¥)content.

G peak dispersion plotted against the N content. The decrease of the dispersion with increasing nitrogen content corresponds to a loss in th
tetrahedric network and a decrease id sp .

Fig. 5a. If we now consider the G-peak dispersion and increase in the dispersion range will compensate the
plot it against the density we get the clear trend of Fig. noise increase with sensitivity increase.
5b. This shows again how the G peak dispersion is the The other preferred means to characterise the mechan-
parameter of choice for the on-line characterisation of ical properties of ultrathin carbon overcoats is Atomic
carbon coated disks. Force Microscopy(AFM) performed with diamond tips
Fig. 3 shows that the ‘jump’ between visible and UV [15-17. This provides a powerful method to distinguish
Raman data becomes bigger the higher the sp contentthe scratch resistance of ultra-thin protective coatings.
This is very useful in view of the future adoption of ta- Using image subtraction, scratches down to a residual
C as coating material. The ever-shrinking thickness will depth of 1 A can be evaluated, hence enabling the study
result in smaller and noisier spectra, however, the 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(sofid symbol3 and 244 nm(open symbols excitation, for the a-
C:N samples of set {DC MS) set 2(Bias MS) and set 3(HCA). No clear trend is seen for each of the two wavelengths taken albhés-
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 0.06 to 0.4 nm, the normal force varied from
force and the cross-sectional area of the scratches. We2.8 to 5uN.

measured the scratch resistance for the serie&)af The scratch resistance directly relates to the shear
C:N films of set 3 with N content varying from modulus and hardness of the carbon overcoats. The
0 ~15 at.%N. The tips had radii of 50-90 nm which elastic constants of amorphous carbons scale with the
was detected by scanning across an array of very shargsp® fraction and thus with the densif}8,22,23. We
silicon tips. The cantilevers had spring constants of 144 thus expect the G peak dispersion to directly correlate
and 160 N'm. The scratching depth was varied from with the scratching resistance. This is clearly shown in
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Fig. 6. G-peak dispersion of ta-C:N film${CA films on Si at room temperature, sek &s 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

[7] B.K. Yen, J. Thiek, M. Geisler, P.H. Kasai, R.L. White, B.R.
York, H. Zadoori, A.J. Kellock, W.C. Tang, T.-W. Wu, M.F.
Toney, B. Marchon, IEEE Trans. Magn. §2001) 1786.

[8] M.C. Krantz, D.D. Saperstein, R.L. White, SPIE Proc. 94
(1857) 1993.

[9] B. Marchon, J. Cui, K. Grannen, G.C. Rauch, J.W. Ager, S.R.P.
Silva, J. Robertson, IEEE Trans. Magn. G397 3148.

used as protective coatings in the magnetic storage [101 A.C. Ferrari, J. Robertson, Phys. Rev. B @000 14095.

industry. By combining the visible and UV Raman

measurements, we derived the dispersion of the G-peak.
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structural parameters of the carbon films.
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