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Abstract

Diamond-like carbon(DLC) films form a critical protective layer on magnetic hard disks and their reading heads. Film
thickness below 2 nm and roughness well below 1 nm are needed for storage density of 200 Gbityinch . We use atomic force2

microscopy to study the roughness evolution vs. thickness of highly sp hydrogen-free tetrahedral amorphous carbon(ta-C). The3

roughness of filmsr generally follows fractal scaling laws, increasing with film thicknessh as rsah , whereb is the growthb

exponent. For a fixed film thickness and scan lengthl, the roughness varies asl , wherea is the roughness exponent. We finda

a;0.39 andb;0–0.1. We performed Monte Carlo simulations, modelling the smoothing effects caused by the thermal spike.
The simulation results closely match the experimental findings and define a new growth mechanism for ta-C films. The structural
evolution of these ultra-thin films is monitored by Raman spectroscopy. A linear relation between G-peak dispersion and Young’s
modulus is found. The 2-nm-thick ta-C films are pin-hole free, corrosion resistant, have a Young’s Modulus of;100 GPa, sp3

content of;50% and roughness of;0.12 nm. So, data storage density of 1 Tbityinch could be achieved.2

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Hard amorphous carbon films are used in the magnetic
storage industry as protective coatings against wear and
corrosion. Overcoats currently used are sputtered depos-
ited amorphous carbon films, typically doped with a
significant percentage of nitrogen(a-C:N) or hydrogen
(a-C:H) and thickness of 3–4 nmw1–5x. The storage
density is presently doubling every year. The ultimate
barrier to storage density is the super-paramagnetic limit,
where the thermal energy is able to overcome the
coercive energy of the magnetic bit. For longitudinal
recording, this limit is presently approximately 200
Gbityinch w1x, while vertical recording could allow2

storage densities up to;1 Tbityinch w6x. This requires2

the read head to approach closer to the magnetic layer
and ever-thinner layers of carbon 1–2 nm thickw1,7x.
The main role of such ultra-thin films is to provide a
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corrosion barrier to the recording medium. They must
be atomically smooth, dense, continuous and pin-hole
free. However, both magnetron-sputtered a-C:N and a-
C:H cease to provide complete protection against cor-
rosion and wear below approximately 2 nm thickness as
sputtering is not able to make a continuous filmw8x.
Highly sp hydrogen-free diamond-like carbon(DLC),3

tetrahedral amorphous carbon(ta-C), are becoming the
preferred means of coating read headsw9,10x because of
their unique combination of desirable properties, such
as high density, atomic smoothness and chemical inert-
nessw11x. Carbon deposited by plasma-enhanced chem-
ical vapour deposition will probably be the industrially
preferred method to coat disk.
Ultra-thin ta-C films have been characterised showing

how ta-C maintains their desirable properties down to 2
nm thicknessw12,13x. However, in order to reach the
ultimate storage limits, we must determine the minimum
thickness for which ta-C films can be grown continuous
and pin-hole free. We therefore need to derive the
surface growth mechanism for ta-C films. This is an
altogether different problem to the mechanism of sp3
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formation considered in numerous theoretical and exper-
imental studiesw14–20x. Indeed, considerable effort has
been devoted to the modelling of the formation of DLC
and the evolution of the bulk, surface and interface
layers on these materials, but not on the issue of the
surface formation and the evolution. Only a few groups
have studied this problem in various types of carbon
films, such as nanostructured carbonsw21x, some carbon
nitrides w22x or hydrogenated amorphous carbonsw8x.
Some roughness measurements have been reported on
thick ta-C films w23,24x, showing a correlation between
surface roughness and an increase of the film sp2

bonding, but they did not analyse the surface evolution.
In this paper we analyse the properties and the kinetic

and structural evolution of the ta-C surface. This allows
us to quantify the nucleation and the first stages of
growth of ta-C films and thereby the ultimate limits of
magnetic storage densities.

2. Experimental

Two sets of ta-C films of increasing thickness are
investigated:
(1) ta-C films deposited at room temperature in a

laboratory scale filtered cathodic vacuum arc(FCVA)
with an integrated off-plane double bend(S-bend) w25x.
The deposition rate is;0.8 nmys and the film thickness
is between 4 and 70 nm as determined by a combination
of deposition rate measurements, ellipsometry and X-
ray reflectivity. The deposition chamber was evacuated
to 10 Pa using a turbo molecular pump. No substratey4

bias was used. The self-bias results in an ion energy of
approximately 20–40 eV. ta-C films are deposited on
silicon (100) substrates previously cleaned with acetone
in an ultrasonic bath. This ensures a substrate roughness
of ;0.2 nm. Thick samples deposited in these condi-
tions have;88% sp , 3.3 gycm density and;7503 3

GPa Young’s Modulus w26,27x. Ultra-thin samples
deposited in these conditions still exhibit properties of
sp content;50%, density 2.8 gycm and a Young’s3 3

Modulus of;100 GPaw12x.
(2) ta-C films deposited by a near-production process,

filtered high-current pulsed arc(HCA) w28x. The depo-
sition rate is 8–10 nmys and the film thickness is
between 1.6 and 20 nm as determined by X-ray reflec-
tivity and ellipsometry. The base pressure is;10 Pa.y4

The films were deposited at room temperature on ultra-
smooth silicon with roughness of;0.1 nm. Thick
samples deposited in these conditions have density;2.9
gycm and Young’s Modulus;450 GPaw29x. Ultra-3

thin samples deposited in these conditions still exhibit
;2.6 gycm density and a Young’s Modulus of;1003

GPaw29x.
Note that in magnetic disk coating, the slider magnetic

layer is pre-coated with a thin silicon layer to improve

adhesion. Thus, studying the growth on Si substrates
can be compared to real industrial process conditions.
The surface morphology evolution was investigated

by atomic force microscopy(AFM). We used a Nano-
scope III, Digital Instrument AFM in air operating in
tapping mode. We used tips made from etched silicon.
The resonance frequency and the length of the cantilever
are 254–389 kHz and 160mm, respectively. A surface
scan size of 1=1 mm was used. The root mean square2

roughness is defined as

2 1y2w xRs (hyh ) yN (1)i ave8

where h is the film height,h is the average of thei ave

height values in a given area andN is the number of
points. R was calculated on a 0.5=0.5 mm area in2

order to avoid any macroparticlew30x. A total of 254
line scans are taken for each image.
Raman measurements were performed with a Renis-

haw Micro Raman 1000 spectrometer at 633, 514.5 and
244 nm in backscattering geometry. All the UV spectra
were corrected by subtracting the system response signal
obtained by measuring a background spectrum with an
Al mirror and normalising to the atmospheric N vibra-2

tions. For samples below 10 nm thickness, UV Raman
measurements were performed with long acquisition
times (;300 s) to allow a good signal to noise ratio
and the samples were spun at high speed to avoid any
sample damage. The spectra were fitted by using a
Lorentzian function for D and T peaks and a Breit-
Wigner-Fano(BW F) line shape for the G peak.

3. Experimental results

3.1. Surface analysis

The roughness evolution of a film can generally be
described by the fractal scaling lawsw31x, in which R
scales as

a aybR;l f(tyl ) (2)

where t is the deposition time with deposition rate
assumed constant,l is the length scale, i.e.l=l is the
window size whereR is measured, withl(L the size of
the sample.f(u) is the scaling function of the argument
ustyl . For small times, i.e.u<1, thenR;t andayb b

the heights at different surface sites are independent. As
time increases, the heights at different sites become
correlated. When the correlations are significant, the
roughness saturates at a constant valueR . a is calledsat

the roughness exponent(0(a(1). b is called the
growth exponentw31x. The exponentsa andb uniquely
characterise how the surface evolves with the length
scale l and the timet. Their values define different
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Fig. 1. AFM image of ta-C films with thickness(a) 1 nm deposited
by HCA; (b) ;70 nm by HCA. The vertical scale is 10 nm.

Fig. 2. The Rms surface roughness as a function of the thickness. The
roughness is almost constant(;0.12 nm). The apparent roughness
increase of the thinnest FCVA films is due to the rougher silicon
substrate.

growth mechanisms universality classesw31,32x. For
example, in random deposition the particles stick imme-
diately where they land on a surface andb is 0.5, while
a is undefined. In the random deposition with surface
diffusion, the particles do not stick irreversibly, but can
diffuse to a nearby valley site with lower height. This
mechanism givesbs1y3 andas1. For ballistic depo-
sition (with no diffusion), lateral sticking is also
allowed, creating overhangs, in contrast to the random
deposition model. This gives fractal exponents arebs
0.5 andas2y3.
Fig. 1 shows the AFM pictures of 1-nm(HCA) and

;70-nm (FCVA)-thick ta-C films. We note that the
surface is continuous and characterised by uniformly
distributed features.
Fig. 2 plots the roughness as a function of the

thickness. The roughness is almost constant(R;0.12
nm) for every sample. The roughness values are in
agreement with previous reported data on thicker films
w23x. In the case of the FCVA films, the roughness
shows an apparent decrease from 0.17 to 0.12 nm when
the thickness increases from 4 to 8 nm. This is caused
by the initial roughness of the silicon substrate(;0.2

nm), which is smoothed exponentially by the covering
ultra-smooth ta-C filmw33x. The extrinsic origin of this
roughness variation for the FCVA films is demonstrated
by the roughness trend of the production line HCA
samples. No increase is seen, due to the much smoother
Si substrate used in this case(R;0.1 nm).
The roughness is constant with film thickness in Fig.

2, so the growth exponentb is zero. In addition, the
height–height correlation functionH(r,t) was deter-
mined for different samples against lateral spacingr
w34x. The roughness exponenta can be derived from
the slope ofH againstr w31x. We find a between 0.25
and 0.6(average value is 0.39) w34x. For larger (;100
nm), each curve turns into a plateau. The inflection
point at whichH(r,t) becomes constant with increasing
r determines the lateral correlation lengthj w31x. By
plotting j vs. time, this givesbya;0.24 w34x. Using
oura value, we find an independent value ofb between
0.006 and 0.12. This is in good agreement withb
derived directly from thickness scaling in Fig. 2.
Thus, the scaling exponents for ta-C are the growth

exponentb between 0 and 0.12 and the roughness
exponenta;0.39. These exponents do not match any
of the existing growth mechanisms, previously described
w31x, such as the growth continuum equationsw35–37x.

3.2. Structural and mechanical evolution

The Raman spectra of all carbon systems consist of
three features, approximately 1560 cm , 1360 cmy1 y1

(for visible excitation) and 1060 cm (detected onlyy1

in UV excitation), which are labelled as the G, D and
T peaks, respectivelyw38,39x. The G and D peaks are
due to sp sites only. The G peak is due to the bond2

stretching of all pairs of sp atoms in both rings and2

chains. The D peak is due to the breathing modes of
sp rings. The T peak is due to C–C sp vibrations.2 3

By using different wavelengths and by analysing the
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Fig. 3. Effect of the silicon background on the visible Raman spectra
of thin ta-C films. The peak at;1445 cm is the silicon third-ordery1

peak as it is detected in the reference silicon spectraw40x.

Fig. 4.(a) G peak dispersion as a function of film thickness for FCVA
(s) and HCA (d) films. (b) G peak dispersion as a function of
Young’s modulus. A linear relation is found.

behaviour of the Raman parameters as a function of the
excitation wavelength, important additional information
is derived on the internal structure of the carbon system
w39x. The most useful parameter derived by such an
analysis is the dispersion of the G peak. Ref.w39x
showed that the G peak positions change in a roughly
linear way as a function of the excitation energy. The G
peak dispersion was thus defined as the slope of the
line connecting the G peak positions measured at differ-
ent wavelength. The G peak dispersion is a key param-
eter in order to investigate carbon films since this is
proportional to the degree of disorderw39x.
To obtain the G peak dispersion we measured our

samples at different excitation energies. In order to
properly analyse the visible Raman spectra, we must
eliminate the contributions of the Si substrate by sub-
tracting the spectrum of the reference un-coated Si. This
correction is important since it allows to remove the
third-order Si Raman peak at;1450 cm w40x, Fig.y1

3. For ultra-thin films, this peak is superimposed on the
Raman G peak and, unless eliminated, it does not allow
a proper fit of the G peak position and, thus, dispersion.
Note also that this peak has been previously observed
in Raman spectra of thin carbon films, but wrongly

attributed to silicon–carbon vibrationsw41x. Indeed, no
Si–C vibrations are possible at this frequencyw42x.
Fig. 4a plots the G dispersion as a function of the

film thickness for FCVA and HCA ta-C samples. In
both cases, the G dispersion strongly decreases below
10 nm film thickness. The full width half maximum of
the G peak decreases from 240 to 170 cm at 244 nmy1

excitation and from 360 to 270 cm for 633 nmy1

excitation. This implies a decrease of disorder(sp3

content) and an increase of sp clustering for sub-102

nm films w39x. We thus expect a decrease of the
mechanical properties for ultra-thin films as the elastic
constants of amorphous carbons scale with the sp3

fraction and thus with the densityw26,27x. Indeed, the
Young’s Modulus of our films was measured by surface
acoustic wavesw13,27x. Fig. 4b plots the G peak
dispersion as a function of the Young’s modulus. A
linear relation is found. This demonstrates that the G
peak dispersion can assess the mechanical properties of
ultra-thin films down to nanometer thickness.

4. Discussion

The AFM measurements have shown that ta-C surfac-
es are remarkably smooth, and also that the growth
exponentb is unusually small(b;0). To find the origin
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Fig. 5. Simulated surface after thermal spikes cause a flattening to
second neighbours of the incident ion. The scaling exponents are
b;0.1 anda;0.32.

of this smoothness and investigate the growth mecha-
nism of the ta-C surface, we performed a Monte Carlo
simulation. ta-C grows from energetic carbon ions. The
generally accepted model for sp formation and ta-C3

growth is subplantationw11,24x. In this model, two basic
processes are assumed to occur:(i) Energetic carbon
atoms become incorporated in subsurface positions caus-
ing local densification and sp bonding.(ii) A high3

local temperature associated with the ‘thermal spike’
occurs, due to the excess energy dissipated by the
impinging carbon ion.
We consider the thermal spike to be responsible for

the surface relaxation during ta-C growth. When the
incident ion penetrates the outer atomic layer of the film
and goes to the sub-surface layer, its energy is dissipated
within a thermal spike volume. This induces the material
to locally melt and behave as a liquid. The surface area
of the thermal spike becomes locally flat. The only
parameter we need to adjust is the number of nearest
neighbours affected by the thermal spike. We considered
up to three nearest neighbours. We simulated films of
increasing thickness(up to 30 monolayers) and with a
cell size of 512=512 atoms. We find thatb is between
0.08 (first neighbors) and 0.15(third neighbors). The
roughness exponenta slowly increases as the number
of nearest neighbours increases. We thus finda is
between 0.26(first neighbours) and 0.36(third neigh-
bours), in good agreement with experimental data. A
simulated surface is shown in Fig. 5.
While the roughness is constant for decreasing thick-

ness, the Raman spectra show that below 10 nm the ta-
C structure changes and the mechanical properties
become poorer. This can be understood if one considers
the cross-sectional structure of ta-C filmsw19,26x. The
film consists of three layers, an outer layer, a middle
‘bulk’ layer and an interfacial layer. The outer surface
layer is approximately 0.5 nm thick and is more sp2

like. Its thickness corresponds to the carbon ion range.
There is also an interfacial layer between the C and the

Si substrate, where ion mixing creates C–Si bonding.
Since the deposition conditions are constant during film
deposition, the thickness of the surface and interface
layers is roughly independent of the total film thickness
w26x. Thus, for thinner films, the thickness of the middle
‘bulk’ layer decreases, but the nature of the surface
layer (and thus the roughness) should not change much
with thickness, for a given ion energy. The surface layer
is also softer than a layer of similar density in the bulk
film. This is also true for the interface layer, as C–Si
bonds are softer than C–C bonds. This explains the
quick decrease of the mechanical properties once the
width of the bulk layer becomes negligiblew29x.
Fig. 4a also shows that the G peak dispersion goes

from 0.45 to 0.2 cm nm for S-bend FCVA ta-C films,y1

whilst it moves from 0.28 to 0.1 cm nm for HCA ta-y1

C films. This means that the lab scale S-bend FCVA ta-
C can reach higher densities, sp content and mechanical3

properties than the production line HCA ta-C, for each
thickness. However, HCA films allow better uniformity
over large areas and lower macroparticle density. The
higher instantaneous deposition rate of HCA films also
increases the temperature of the sp to sp transition3 2

with respect to S-bend FCVA filmsw43x. This is impor-
tant since the process temperature for hard disk deposi-
tion is;200 8C.

5. Conclusions

We showed that ultra-thin ta-C films are atomically
smooth(roughness;0.12 nm). The roughness exponent
a is ;0.39, while the growth exponentb is between 0
and 0.1. A growth mechanism has been proposed to
explain these growth exponents, which differ from what
is found in other materials. We assume the thermal spike
following the carbon ions subsurface implantation to be
the main cause for the surface morphology evolution.
Our Monte Carlo simulations reproduce well the exper-
imental exponents. This implies that ultra-thin and ultra
smooth ta-C films can be grown down to 1–2 nm
thickness. Raman spectra show that, although the rough-
ness is constant for decreasing film thickness, there is a
structural modification below 10 nm, related to a change
in the film cross-sectional composition. However, a 2-
nm ta-C film still possesses a Young’s Modulus of
;100 GPa, sp content of;50% and a 2.8 gycm . The3 3

smoothness and absence of pin-holes give excellent
corrosion resistance down to;1 nm thicknessw44x.
Thus, ta-C satisfies all the requirementsw6x needed for
the ultimate storage density limit of;1 Tbityinch .2
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