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Abstract

Diamond-like carbon films form a critical protective layer on magnetic hard disks and their reading heads. The ultimate limit
to storage density is the super-paramagnetic limit, where the thermal energy is able to overcome the coercive energy of the
magnetic bit. Perpendicular recording should allow storage densities up to;1 Tbityinch . This requires the read head to approach2

closer to the magnetic layer and ever-thinner layers of carbon 1–2 nm thick. A critical review of the properties of the main
classes of carbon films used for magnetic storage disks is presented. Tetrahedral amorphous carbon can provide the atomic
smoothness, continuity and density required for magnetic storage applications down to a few atomic layers thickness. The main
approaches to assess the structural and morphological properties of ultra-thin carbon layers are reviewed. Raman spectroscopy, X-
ray reflectivity, atomic force microscopy and surface acoustic waves based methods allow a full non-destructive characterization
of ultra-thin carbon layers.
� 2003 Elsevier B.V. All rights reserved.
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1. Magnetic storage technology

Magnetic storage is the most economic form of non-
volatile storage for many applicationsw1–14x. Its great
advantage is that the storage density is increasing at a
very rapid rate w1–5x (Fig. 1). Recently, with the
introduction of giant magneto-resistive heads, storage
densities are increasing at 100% per year. This is much
faster than the Moore’s law rate for silicon devices
(;50% per year).
Data are stored in a magnetic layer of Co–Cr–Pt

alloy thin film w6,7x. A protective layer of diamond-like
carbon(DLC) coating is applied over the Co layer, and
1–2 monolayers of a perfluoro-polyether such as ZDOL
or Fomblin is used as a molecular lubricant. A ready
write head flies above the rotating disk on an aerody-
namic bearing. The readywrite head consists of many
layers of thin films and is also protected by a DLC film,
Figs. 2 and 3.
The storage density is increased by reducing the area

occupied by each bit of data. The areal density is the
product of the tracks per inch and the bits per inch
along a track. The ratio of tracks per inch and bits per
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inch is called the bit-aspect ratio. Initially this ratio was
approximately 20w5x. The ultimate limit to storage
density is the super-paramagnetic limit, where the ther-
mal energykT can overcome the coercive energy of the
magnetic bitw1–14x. In 1995, this limit was approxi-
mately 40 Gbitsyinch . The limit was increased to 2002

Gbitsyinch by reducing the bit-aspect ratio to 4 and by2

using materials of higher coercivityw2–6x. Recently,
Seagate and Fujitsu achieved a storage density of 100
Gbitsyinch in laboratory demonstrationsw15x. One ter-2

abit per square inch may be possible, but using perpen-
dicular recording, where the magnetization is normal to
the film surface, in contrast to the standard longitudinal
recording, where it is parallel to the surfacew8,9x.
A smaller bit size requires a smaller magnetic spacing,

which is the vertical distance between the read head and
the Co storage layer, Fig. 3. The magnetic spacing is
slightly greater than the fly height, which is the separa-
tion of head and disk. Reducing the fly height requires
ever-thinner carbon films. They are presently approxi-
mately 4 nm thick and need to reach 1–2 nm in the
near futurew2,3x, as shown in Fig. 4. Indeed, in order
to achieve the goal of;1 Tbityinch the magnetic2

spacing must be reduced to 6.5 nm, which implies a
;1 nm head and disk overcoatw16x. This is only
approximately 7 atomic layers thick, and the perform-
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Fig. 1. Growth of storage density with year for magnetic disks. Recent
data distinguish between product and lab demonstrationw3–5x.

Fig. 2. Hard disk architecture.

ance of the carbon and the processes used to make it
change dramatically when we approach 1 nm.
DLC films are used as coatings because they are

extremely smooth, continuous and chemically inert, with
surface roughness well below 1 nm. For the previous
30 years, DLC has been deposited by sputtering. Now,
there is a transition, as the industry moves to new
processes such as cathodic arc or plasma deposition
needed to make the thinner films. The main role of such
ultra-thin films is to provide a corrosion barrier to the
recording medium. They must be atomically smooth,
dense, continuous and pin-hole free. However, both a-
C:N and a-C:H cease to provide protection against
corrosion and wear below 3–4 nm thickness since

magnetron sputtering is not able to make continuous
and ultra-thin filmsw17x. Highly sp hydrogen-free DLC,3

tetrahedral amorphous carbon(ta-C), is now the pre-
ferred means of coating read heads, because of its
unique combination of desirable properties, such as high
hardness and wear resistance and chemical inertness to
both acids and alkalis and atomic smoothness. Thus, in
this paper we will focus particular attention to the
properties and characterization of ultra-thin ta-C films.
DLC films can also be used to coat optical storage

media, as discussed in Section 4w18,19x.

2. Classification of carbon films

The main properties of the various carbon films are
well known, at least for films thicker than 10 nmw20x.
Here we present a general classification of carbon films
in terms of their bonding and some useful correlations
linking mechanical and structural properties of ta-C.
The great versatility of carbon materials arises from

the strong dependence of their physical properties on
the ratio of sp (graphite-like) to sp (diamond-like)2 3

bondsw20x. There are many forms of sp bonded carbons2

with various degrees of graphitic ordering, ranging from
micro-crystalline graphite to glassy carbon. In general,
an amorphous carbon can have any mixture of sp , sp3 2

and even sp sites, with the possible presence hydrogen1

and nitrogen. The compositions of nitrogen-free carbon
films are conveniently shown on the ternary phase
diagram(Fig. 5a).
We define DLC an amorphous carbon or a-C:H with

a significant fraction of sp bonds. a-C:H often has a3

rather small C–C sp content. ta-C is the form of DLC3
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Fig. 3. Cross-section of headydisk interface. Fig. 4. Variation of carbon thickness on disk and sliders, magnetic
spacing and fly height with storage densityw3–5x.

Fig. 5. (a) Ternary phase diagram of amorphous carbons. The three corners correspond to diamond, graphite and hydrocarbons, respectively.(b
and c) Ternary phase diagrams of amorphous carbon nitride alloys, without hydrogen(b) or with hydrogen(c), showing sp C, sp C and N.2 3

with the highest sp content(80–90%); its hydrogenated3

analogue is ta-C:H. The key parameters in such materials
are: (1) the sp content;(2) the clustering of the sp3 2

phase;(3) the orientation of the sp phase;(4) the2

cross-sectional nano-structure;(5) the H content. The
sp content alone mainly controls the elastic constants,3

but films with the same sp and H content but different3
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Fig. 6. (a) Variation of the sp configuration along the three amor-2

phisation stages.(b) Schematic comparison of the evolution of the
sp cluster size(L ) and sp content. Note that in stages 1–2 to a2 3

a

strong sp cluster size decrease corresponds a relatively small sp2 3

increase, whilst the opposite is seen in stage 3.

Fig. 7. (a) Density vs. sp fraction for N-free carbon films. Note the3

similar trends for ta-C and ta-C:H, but the opposite trend for a-C:H
of increasing H contentw21x. (b) Density vs. Young’s modulus for ta-
C films. The experimental trend can be well described by Eq.(3),
line in the plot.

sp clustering, sp orientation or cross-sectional nano-2 2

structure can have different optical and electronic prop-
erties w20x. As we move from ordered graphite to
nano-crystalline graphite(nc-G), to amorphous carbon
and finally to sp bonded ta-C, the sp groups become3 2

smaller first, then topologically disordered and finally
change from ring to chain configurations. The evolution
of the sp phase clustering can be represented by the2

amorphisation trajectory of Fig. 6, consisting of three
stages from graphite to ta-C:(1) graphite™nc-G; (2)
nc-G™sp a-C; (3) a-C™ta-C. Note that the sp2 2

clustering evolution and the sp content evolution follow3

two distinct paths(Fig. 6b).
a-C:H for magnetic storage applications is deposited

by reactive magnetron sputtering and plasma enhanced
chemical vapour deposition. ta-C can be deposited by
filtered cathodic vacuum arc(FCVA) or high current
arc(HCA). ta-C:H by plasma beam sources and electron
cyclotron wave resonance(ECWR) sourcesw2,3,20x.
Fig. 7a plots the relation between density and sp3

content for ta-C, ta-C:H and a-C:H films. In ta-C many
beneficial properties, such as Young’s modulus, hard-
ness, density and smoothness correlate directly with the
C–C sp fraction. An sp increase is found to correspond3 3

linearly to a density increase according tow21x

3r (gycm )s1.92q1.37F (1)

whereF is the sp fraction between 0 and 1.3

It is also found that the Young’s modulusE scales
with the sp fraction asw22x3

1.5E (GPa)s478.5(Fq0.4) (2)

From Eqs.(1) and (2) we can derive a general density

vs. Young’s modulus relation for ta-C:

3 2y3w xr (gycm )s1.37q E(GPa) y44.65. (3)

Fig. 7b plots experimental density and sp fraction3

data and the general correlation resulting from Eq.(3).
Fig. 7b demonstrates that Eq.(3) can be very efficiently
used for ta-C.
Carbon nitrides are also commonly used in storage

applications. We classify the bonding in carbon nitride
films into four types, based on the bonding in the
corresponding N-free film as defined in Fig. 5a. The
changes in the properties of carbon nitride films as N
content is increased should be compared with the prop-
erties of the corresponding N-free films. Thus, the
variation of mechanical and electronic properties when
N is added to a sp bonded carbon film differs from2

when N is added to a high sp film. This is true if H is3
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present or not. We classify carbon nitrides into four
types: (a) the mainly sp bonded a-C:N produced by2

sputtering,(b) the mainly sp bonded ta-C:N produced3

by cathodic arc,(c) plasma deposited a-C:H:N with
moderate sp content and(d) ta-C:H:N prepared by a3

high plasma density source, with a higher sp content3

and lower hydrogen content. The corresponding ternary
phase diagrams are shown in Fig. 5b and c. Note that,
although a general decrease of sp content with N is3

observed, the trends are different according to the
deposition systemsw23x. This implies that the sp frac-3

tion and the degree of clustering of the sp phase can2

be different for films of the same NyC ratio w23x.
The sputtered a-C:N films deserve particular attention.

a-C:N films with a high fraction of sp bonded atoms2

are produced by DC, RF sputtering or magnetron sput-
tering and by low energy laser deposition. An unusual
aspect of these films is that a-C:N deposited above 200
8C can become nano-structured, with a strong cross-
linking between graphitic planes, which gives an
increase in mechanical hardness and large elastic recov-
ery w24–26x. This does not require, however, an increase
of the sp fraction(Fig. 5b), but can rather be seen as3

an increase in disorderw25,26x. Thus, N incorporation
in this case has an opposite effect to N incorporation in
high sp carbons. This beneficial effect is exploited in3

carbon nitrides used in magnetic storage, since the
deposition of the carbon layer on the disk is performed
at;200 8C, the process temperature resulting from the
magnetic layer deposition.

3. Requirements for the carbon overcoat

When first introduced, the role of carbon films was
to provide protection against corrosion. Simple a-C was
used, deposited by magnetron sputtering. Later, a-C:H
was used, produced by the reactive sputtering of graphite
in an Aryhydrogen atmospherew27x, in order to provide
also some protection against mechanical wear and dam-
age during head crashesw28–31x. Many groups have
emphasized this role of DLC for mechanical protection.
However, hardness is not the critical parameter. For
example, the optimum hydrogen content of the a-C:H
for disk coating was found to be greater than that giving
the maximum hardnessw6,7,41x. In this case, this opti-
mum composition is thought to arise because the lubri-
cant work prefers a slightly hydrogen-rich surface. On
the disk, the carbon should also provide a surface for
the perfluoro-polyether lubricant to adhere and move
w33,39,40x. This requires the carbon to separate the
lubricant and the magnetic substrate. This is critical
since Al tends to catalyse the decomposition of the
lubricant, and it has been noted that end of life generally
corresponds to the onset of lubricant degradation. Thus,
the primary role of the carbon film is to be continuous,
to give protection against corrosion, and to separate the
Co layer and readywrite head from the ambient.

More recently, a-C:N is being used instead of a-C:H
w31–39x. a-C:N is produced by reactive sputtering of
graphite in an AryN atmosphere. Nitrogen is usually2

found to have a beneficial effect on tribological prop-
erties w33x, even when it decreases the hardness as in
ta-C:H:N w36x. Nitrogen appears to increase the tough-
ness of the films, so that a-C:N performs better in micro-
scratch tests than a-C:H. This can be explained by the
improvement of the mechanical properties, with increase
of elastic recovery and toughness observed for high
temperature deposited carbon nitride films, as pointed
out in Section 2. Another important advantage of a-C:N
relates to the lubricant. The carbon separates the lubri-
cant and the substrate. Under stress, the perfluoro-
polyether lubricant molecules tend to degrade with the
emission ofF. F can abstract H from a-C:H under the
local heating to give HF. This then reacts aggressively
with the underlying metals. In contrast, heating of a-
C:N releases only nitrogen, which will not give rise to
HF w42x.
However, there is a thickness limit to the beneficial

properties of carbon nitride films. It is found that carbon
nitride films below 4-nm thickness are not able to protect
the magnetic layer sufficiently against corrosion
w17,42,43x. For this reason an increasing attention is
devoted to ta-C. ta-C allows uniform coverage, corrosion
protection, ultra-smooth surfaces and reasonable
mechanical properties down to;1-nm thicknessw3–
5,10,16,43–48x. The main drawback to the use of ta-C
is the filtering of the macroparticles during deposition
w49,50x. If this problem is not satisfactory solved, this
may force ta-C to be used only for the head production,
whilst it might not be suitable for the disk.
To summarize, the ideal carbon overcoat should be

engineered to provide:

1. Corrosion protection, which requires complete cov-
erage and high density

2. Chemical properties, such as lube compatibility, sta-
bility and low adsorption

3. Surface topography, such as smoothness, complete
coverage and absence of particles

4. Wear resistance, which requires reasonable hardness,
low friction and high elasticity

5. Magnetic layer integrity: the deposition process
should minimize the ‘dead layer’ created by the
impinging ion particles.

4. Optical storage technology

Optical storage is the preferred technology when high-
density storage on removable and exchangeable media
is required. The advantages are its low cost, media
exchangeability(standardization) and robustness. Over
the past 20 years, the storage capacity in optical record-
ing has been raised by increasing the numerical aperture
of the focussing optics and decreasing the laser wave-
length (Fig. 8a.) The new generation of optical storage
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Fig. 8.(a) The development of data densities of various storage media
over the last years, and future trends. New technologies like Near
Field, super resolution and domain expansion will enable the next
jump of capacity to approximately 100 GB per CD sized(120 mm)
disk w18x. (b) Schematic drawing of integrated magneto-optical slider
with MFM coil for NAs0.85 w18x.

devices will have approximately a 20-fold higher capac-
ity than digital versatile disks(DVD), or approximately
100 GB per 12-cm diameter compact disk(CD). One
approach to meet the demand for high data capacity of
optical disks is the use of flying head technology, which
is the method used in magnetic storage(Fig. 8b) w18x.
The key feature to differentiate the new generation from
the previous ones will be the very small free working
separation(between 50 nm and 5mm) between the
objective lens or magnetic modulation device and the
storage disk. The straightforward way to achieve such a
small separation is to mount the lens on a slider, which
flies above the spinning disk at a constant height on a
hydrodynamic air bearing, without needing a complicat-
ed servo systemw18x. In those conditions, a wear
resistant layer is needed to protect the disk and slider
from head crashw19x.
As for magnetic disks, also next generation optical

storage disks based on this technology will need to use
amorphous carbon as protective coatingw18,19x. How-
ever, carbon coatings for magnetic storage disks do not
need to transmit light. On the other hand, for optical

storage, the carbon films must also be transparent at the
recording wavelength of;400 nm. This would require
films with at least;3 eV gap. But, since the target is
to let the blue laser line go through the carbon coating,
what really matters is the film transmittance rather than
its optical gap. One way to increase the transmittance
for a lower gap is to decrease the film thickness. The
stress must be minimized as it can affect the magneto-
optic response of the recording layers. In addition, the
energy flux during the growth onto plastic substrates of
low thermal conductivity must be controlled in order to
prevent over-heating and preserve the substrate integrity.
Finally, the adhesion of transparent carbon layers to
both the glass or plastic of the slider and upper layers
of the disk (e.g. an acrylic cover layer) has to be
considered. ta-C and ta-C:(H) are thus being investigat-
ed as slider and head overcoatsw19x. This, in principle,
parallels the efforts for the development of the magnetic
storage disks overcoats. On the other hand, the much
bigger flying height required in optical storage disks
with respect to magnetic disks relieves the constraint of
ultra-thin thickness on the overcoat. Thus, the most
challenging scenario is found in HDD coating, which is
the main focus of this paper.

5. Ultra-thin carbon films characterization

Finding reliable characterization tools for ultra-thin
carbon layers down to a few atomic layers thickness is
one of the most decisive factors for technology devel-
opment and productionw51–65x. The carbon perform-
ance is judged in terms of its coverage, lubricant
compatibility and mechanical hardness. The mechanical
hardness is directly related to the fraction of C–C sp3

bonds and the carbon film density. The intrinsic cover-
age, as we will be discussing in Section 5.1, can be as
well related to the fraction of energetic ions, which is
also indirectly linked to the sp fraction and density.3

The factors affecting the lubricant compatibility are not
fully known w75,76x.
Rather than reviewing all possible techniques suitable

to assess carbon films, here are highlighted some recent
results obtained by using atomic force microscopy,
Raman spectroscopy, X-ray reflectivity(XRR) and sur-
face acoustic waves(SAWs) based methods on thin
(-100 nm) and ultra-thin(-10 nm) films.

5.1. Roughness evolution

Roughness evolution studies by atomic force micros-
copy can be used to determine the minimum thickness
for which a carbon film can be grown continuous and
pin-hole free. This parallels the direct testing performed
by chemical, mechanical and spectroscopic methods to
assess the coverage and corrosion protection of the
overcoatsw43,75x. The knowledge of the surface evolu-
tion mechanism of a certain class of carbon films, allows
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Fig. 9. AFM pictures of ta-C films,(a) ;1 nm thick; (b) ;70 nm
thick.

Fig. 10. Roughness evolution as a function of film thickness for ta-C
films on Si deposited by FCVA and HCA. Note that the roughness
increase of the thinnest FCVA ta-C films is a substrate effect due to
the slightly higher roughness of the Si substrate used for these films.

one to know if the loss of continuity in ultra-thin films
is an intrinsic and unavoidable problem related to the
nature of the deposited film, or if it is a technical
problem, which could be improved with better process
conditions. Here we show how surface roughness by
AFM allows to explain the ultra-smoothness of ta-C
films.
If h is the film thickness andR the roughness, the

film is continuous ifhyR remains sizeable ash decreas-
es. The roughness evolution of a film can generally be
described by the fractal scaling lawsw66x, in which R
scales as

a aybR;Ÿ f(tyŸ ) (4)

Here t is the deposition time(assuming a constant
deposition rate), Ÿ is the length scale, i.e.Ÿ=Ÿ is the
window size whereR is measured, withŸ(L the size
of the sample.f(u) is a scaling function of the argument
ustyŸ . For small times, that isu<1, thenR;tayb b

and 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 exponentw66x. The exponentsa andb uniquely
characterize how the surface evolves with the length
scaleŸ and the timet. Their values define different
growth mechanism universality classesw66,67x. 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 immediately, they
can diffuse to a nearby valley site with lower height.
This mechanism givesbs1y3 andas1. For ballistic
deposition(with no diffusion), lateral sticking is also
allowed, creating overhangs, in contrast to the random
deposition model. This gives fractal exponents ofbs
0.5 andas2y3.
Fig. 9 shows the AFM pictures of 1 and;70 nm

thick ta-C films. The surface is continuous and is
characterized by uniformly distributed features.
Fig. 10 plots the roughness as a function of the film

thickness for two sets of ta-C films, deposited on a lab
scale S-bend FCVAw49x and a production near process
HCA sourcew50x. The roughness is constant(R;0.12
nm) for every samplew47x. The roughness values are in
agreement with previous reported data on thicker films
w68x. The roughness is thus always much lower than the
film thickness, so thathyR is positive even for 1-nm
films and no pin-holes are expected. Note that the
apparent roughness increase for low thickness in the
FCVA films is due to the higher roughness of the Si
substrate(;0.2 nm) used for these films with respect
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Fig. 11.(a and b) Model used in the Monte Carlo simulations.(a) The energy of an incident ion dissipates in a thermal spike volume, dot line.
(b) This causes local melting and flattens the surface locally.(c) Simulated surface after thermal spikes cause a flattening to second neighbors
of the incident ion. The scaling exponents are:b;0.1 anda;0.32.

to the lower roughness substrate(;0.1 nm) used for
the HCA films. This shows the smoothening effect of
the ta-C films even on a relatively smooth substrate,
such as the Si used for the FCVA films.
Being the roughness constant with film thickness, the

growth exponentb is zerow47x. It was also shown that
a;0.4 w47x. These exponents do not match any of the
existing universality classes of growth mechanisms pre-
viously describedw66x.
Growth exponentsb;0 generally arise from surface

diffusion and relaxationw69x. To find the origin of this
smoothness and investigate the growth mechanism of
the ta-C surface, Monte Carlo simulations were per-
formed w47x.
ta-C grows from energetic carbon ions. The generally

accepted model for sp formation and ta-C growth is3

sub-plantationw20x. In this model two basic mechanisms
are assumed to produce the sp bonding:(i) the high3

temperature associated with the ‘thermal spike’, due to

the excess of energy dissipated by the impinging carbon
ion within the local structure.(ii) The incorporation of
carbon atoms in sub-surface positions causing local
densification. The thermal spike is considered responsi-
ble for the surface relaxation during ta-C growthw47x.
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 melt locally and behave as a liquid. The
surface area of the thermal spike becomes locally flat.
The only parameter in the Monte Carlo simulations is
the number of nearest neighbors affected by the thermal
spike.
Fig. 11a and b show a schematic representation of

the surface before and after the local melting effect. Up
to three nearest neighbors were considered.b was found
to be between 0.08(first neighbors) and 0.15(third
neighbors). The roughness exponenta slowly increases
as the number of nearest neighbors considered increases,
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Fig. 12. (a) XRR profiles for single bend and S-bend-FCVA grown ta-C films and for a representative ta-C:H film grown by ECWRw21x. The
clear double fringe period in the single bend FCVA film indicates layering.(b) XRR profiles for carbon films with density ranging from lower
to higher than the Si substrate density. The film critical angle moves with increasing film density. For films denser than Si, such as ta-C films,
only the film critical angle is observed.

being between 0.26(first neighbors) and 0.36(third
neighbors), (Fig. 11c). Thus, this model is able to
explain the observed growth exponents. This model
could be extended to hydrogenated ta-C(ta-C:H), which
possess as well a very low roughness(0.13 nm).

5.2. X-ray reflectivity

XRR is a fast and non-destructive technique for the
characterization of density, thickness, roughness and
layering of carbon filmsw21,70x.
For X-rays the refractive index in solids is slightly

smaller than unity, so that total external reflection occurs
at low angles of incidence. As the incidence angleui
increases above a critical angleu , X-rays start toc

penetrate into the filmw71,72x. For an ideally smooth
surface the reflected intensity falls off as(2u) , asy4

predicted by Fresnel’s equations. For a real sample the
fall off is more rapid, because of the surface roughness,
which scatters X-rays out of the specular beam. For a
thin layer, of refractive indexn , deposited onto a bulk1

substrate, of refractive indexn , reflections at the dif-2

ferent interfaces will cause interference. There will be
constructive interference when the path difference

between the reflected beams isds(mq1y2)l or ds
ml, where m is an integer, forn -n and n )n ,1 2 1 2

respectively. The periodDu of the fringes gives the
carbon film thickness; foru 4u :i c

l
df . (5)

2Du

In the case of a multilayer the structural periodicity
results in the presence of Bragg peaks in the reflectivity
curve.
Fig. 12a plots typical specular reflectivity curves for

ta-C films, deposited by single and S-bend FCVA, and
ta-C:H films. For the S-bend FCVA ta-C and the ta-C:H
film one dominant fringe period can be seen, showing
that these films are essentially single layered. The
interference fringe period gives a direct measure of the
film thickness, the thinner films having longer period
fringes. The single bend ta-C film shows also a second
set of longer period fringes, which indicate the presence
of a surface layer. Indeed, to a closer inspection, the S-
bend FCVA ta-C film also presents a very faint second
set of fringes with an even bigger period, indicating a
much smaller, but non-negligible, surface layer.
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Fig. 13. XRR profiles for ultra-thin ta-C films on Si compared to the
bare Si substrate, showing how XRR can discriminate between film
and substrate even for extremely small films’ thickness.

XRR is thus also a powerful tool to check the cross-
sectional layering of films. Analysing a wide variety of
films grown under different conditions it was found that
extremely uniform or layered films can result even from
the same deposition systemw21x.
The density of amorphous carbon films is obtained

from the critical angle. Carbon films relevant for mag-
netic storage disks contain three basic elements, C, N
and H. The density is related to the critical angle by
w21,70x

2 2p c ´ 11X q13X q10 C N2rs M mu (6)C c2 23l N e 5X q6X q1A C N

whereX s1yX yX is the H atomic fraction,X andH C N C

X are the C and N atomic fractions.e is the electronN

charge,m is the electron mass,N is the Avogadroe A

number,c is the velocity of light,´ is the dielectric0

permittivity of vacuum,l the X-ray wavelength and
M the carbon molar mass. Note that the dependenceC

on the H content is quite weak in the usual rangeX sH
10–50% (e.g. rs2.3 gycm if X s0.1 and 2.16 gy3

H

cm if X s0.5, with X s0, u s7200 and ls1.39263
H N c

A), so an approximate density evaluation can be˚
obtained by neglecting the H content. Similarly, an
estimate of the density can also be performed consider-
ing the films as made of carbon only, even if N is
present. However, only by knowing the exact film
composition the most accurate results can be derived.
The use of the critical angle for density measurement

is exemplified in Fig. 12b for carbon films a few tens
of nanometer thick on a Si substrate. Some films, such
as ta-C:Hs, have a density(and therefore a critical
angle) which is similar to or just smaller than the Si
substrate density(2.33 gycm ), so that the Si critical3

angle is seen, and not that of the film. The presence of
the film only acts as a perturbation on the shape of the
critical angle and a simulation of the reflectivity curve
is needed to extract the density. In the case of films
with very low density (e.g. porous carbon films, or
some a-C:H and a-C films) a double critical angle is
distinguishable(Fig. 12b). This allows a direct deter-
mination of the density from the reflectivity curve.
Finally, if the film consists of a bulk layer denser than
the Si, the critical angle is determined by the film. This
is typically the case for ta-C films(Fig. 12b). For ta-C
films a single critical angle is observed and densities up
to 3.26 gycm are obtained for a 70 nm thick;88%3

sp film from the S-bend FCVAw21x. The general3

densityysp relation for carbon films presented in Sec-3

tion 2 (Eq. (1) Fig. 7) was derived by XRRw21x.
Fig. 13 shows XRR data on ultra-thin ta-C films,

indicating the ability of XRR to measure films in the
sub 10 nm range. Indeed, ta-C films have been measured
down to a thickness of approximately 1 nm
w53,70,73,74x. Unlike the case of thicker films, for ultra-

thin carbon films the critical angle is not strongly
influenced by the film density. This is because the
evanescent wave reaches the silicon substrate below the
critical angle and the substrate density determines the
critical angle. Only for ta-C films on silicon over
approximately 20-nm thickness the critical angle can be
used reliably to measure the near-surface density.
Although the density influences the fringe contrast, the
film interface width also influences the contrast. On the
other hand, the film density does affect the position of
the fringe maximum. So an overall fit of the reflectivity
profile is necessary to derive the film properties. A
degree of uncertainty thus remains in the determination
of the film density for these ultra-thin layers, whilst the
thickness is precise to 0.1 nmw73x. A density of;2.6y
2.8 gycm is measured even for ultra-thin ta-C films.3

This agrees with the corrosion resistance, which is found
to be maintained down to the nanometer scalew43,74x.
Note as well that the structure of the ultra-thin ta-C
films resembles that of the thicker ta-C, with a scaling
of the bulk layer thickness, but not of the surface and
interface layers(which are in the sub-nanometer range
both in thick and thin films).
Finally, although we mainly discussed results for

carbon films on Si, XRR is successfully applied for
carbon overcoats deposited on diskw57,74,77x.

5.3. Surface acoustic waves

When the film thickness is considerably lower than 1
mm and the substrate is softer than the film, standard
experimental procedures, as well as nano-indentation,
are unable to reliably determine the elastic constants of
the film. The difficulties of nano-indentation arise from
the need to use an indentation depth less than 10% of
the film thickness and its high sensitivity to the substrate
when measuring hard films on a soft substrate. Nano-
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Fig. 14. Young’s modulus vs. film thickness for a series of HCA ta-
C films, measured by LAW. The dashed line plots Eq.(9), see Section
6.

indentation actually measures the hardness, but the
reduced Young’s modulusE9sEy(1yn ) can be derived2

by an Oliver–Pharrw78,79x analysis of the indentation
curve, so thatE itself can be found if a value for the
Poisson’s ratio,n, is assumed. The difficulties of this
method are clear in that while the hardness values of
ta-C are found to be between 60w79,81x and 90 GPa
w80x, theE9 values vary more widely, from 400w79,81x
to 1100 GPaw80x. Various strategies have been proposed
to improve the Oliver–Pharr analysis of the nano-
indentation dataw80x; however, it is very unlikely that
they can work down to 1-nm film thickness.
More convenient approaches are based on laser spec-

troscopic methods related to the propagation properties
of long wavelength acoustic phonons(SAWs): surface
Brillouin scattering(SBS), exploiting thermally activat-
ed SAWs w22,48,82,83x and laser-induced SAW tech-
niques (LAW) exploiting SAWs excited by laser
irradiation w51,84x. Both SAW based methods offer the
possibility of non-destructive measurements of the film
elastic constants. Both techniques are non-destructive:
they measure the velocity of SAWs, and derive from it
the film properties. There are, however, significant
differences in the way they operate. While SBS relies
on thermally excited SAWs, LAW induces them by laser
pulses, and allows significantly faster measurements.
LAW analyses pulse propagation in the time domain,
while SBS is a spectroscopic technique. LAW measures
propagation in the megahertz to hundreds of megahertz
frequency range, while SBS operates in the tens of
gigahertz range, and is therefore intrinsically more sen-
sitive to perturbations by thin films. On the other hand,
velocity measurements by LAW are more precise, and
these two features tend to compensate.
The ability of SBS and LAW to measure thin and

ultra-thin ta-C films was assessed by performing a
round-robin testw85x. The results of the test showed a
good correlation between the Young’s moduli measured
by SBS and LISAW. This confirms the ability of SAW
based techniques to assess the Young’s modulus in a
thickness range not attainable by conventional tech-
niques. Also, this allows a validation of the LAW data
by the more precise SBS measurements. This is crucial
since SBS requires an average of a week to perform the
measurements necessary to extract a film’s elastic con-
stants, whilst LAW can perform the same analysis in a
few minutes. Even though a value for the Poisson’s
ratio has to be guessed for LAW, this does not signifi-
cantly affect the finalE valuesw85x.
Fig. 14 plots the evolution of the Young’s moduli of

ta-C films deposited by HCA as a function of the
thickness. The evolution of film properties with thick-
ness will be discussed in Section 6.

5.4. Resonant Raman spectroscopy

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

and D peaks, which lie at approximately 1560 and
1360ycm , respectively, for visible excitation and they1

T peak at approximately 1060ycm , seen only in UVy1

excitation. Except for UV excitation, the Raman spectra
are dominated by the sp sites, because the excitation2

resonates withp states. The G and D peaks are due to
sp sites. The G peak is due to the bond stretching of2

all pairs of sp atoms in both rings and chains. The D2

peak is due to the breathing modes of sp atoms in rings2

w86,87x. The T peak is due to the C–C sp vibrations3

w86,88,89x.
A phenomenological three-stage model was developed

in Refs. w86,88,23x to interpret the Raman spectra of
any amorphous carbon measured for any excitation
energy. The evolution of the carbon system from graph-
ite to nc-G, a-C and finally ta-C is represented by an
amorphisation trajectory, evolving over three stages
(Figs. 6 and 15). The Raman spectra fundamentally
depend on the following parameters:

a clustering of the sp phase2

b bond disorder
c presence of sp rings or chains and2

d the spysp ratio.2 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 content. In this case, for3

a particular sp content and excitation energy, we can3

have a number of different Raman spectra, or, equiva-
lently, similar Raman spectra for different sp contents.3

This non-uniqueness was called hysteresisw86x, since
by following an ordering trajectory, from high sp to3

low sp material, the G-peak position andI(D)yI(G) do3

not necessarily follow the same trajectory defined by
the amorphisation trajectory(Fig. 15b).
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Fig. 15. Three-stage model of the variation of the Raman G position and the D to G intensity ratio,I(D)yI(G), with increasing disorder, for
visible excitation(a and b) and for multiwavelength excitation(c). The dotted left-pointing arrows in(b) mark the non-uniqueness region in the
ordering trajectory.(c) Amorphisation trajectory, showing the possibility of non-uniqueness in stages 2 and 3 for two typical wavelengths(514.5
and 244 nm). The regions span by hysteresis at 514.5 and 244 nm are evidenced by lines. Note the trend inversion, with the highest shift Vis™
UV for samples having the least ordered sp phase.2

This is relevant for magnetic disk coating, since high
temperature deposition and N incorporation both favour
the clustering of the sp phase and this clustering not2

necessarily follows the sp to sp conversion. We thus3 2

expect non-uniqueness in the relation between visible
Raman spectra and the film properties.
On the other hand, the G-peak FWHM is a measure

of disorder and increases continuously as the disorder
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Fig. 16. Variation of G-peak FWHM with decreasing sp grain size2

L for visible excitationw23x. The line is a guide to the eye. Thea

FWHM G saturates at;12ycm for high grain size graphitic sam-y1

ples. The trend at any excitation wavelength resembles the visible
Raman trend, but the absolute values of FWHM decrease for decreas-
ing excitation wavelength.

increases(Fig. 16). The FWHM is thus uniquely related
to the sp clustering. Indeed, although graphite and ta-2

C exhibit similar G-peak positions for visible excitation
(Fig. 15), the G-peak FWHM in ta-C is much bigger
than graphite(Fig. 16) and as such easily discriminates
between the two materials.
By using different wavelengths and by analysing the

behaviour of the Raman parameters as a function of the
excitation wavelength, additional important information
on the internal structure of the carbon system becomes
availablew23,86,88x. The most useful parameter derived
by such an analysis is the dispersion of the G peak.
Ref. w88x 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
different wavelengthsw88x. For industrial applications
we want to use the minimum number of excitation
wavelengths. It can thus be assumed that the variation
of the G-peak position is perfectly linear with excitation
wavelength and the G-peak dispersion can be conven-
iently defined as

G (UV)yG (Vis)Pos PosG s (7)Disp
Dl

whereDls514.5y244 nms270.5 nm for typical UV
and Vis wavelengths.
The G-peak position increases as the excitation wave-

length decreases, from visible to UV. The dispersion
rate increases with disorder. The G peak does not
disperse in graphite itself, nc-G or glassy carbonw88x.
The G peak only disperses in more disordered carbons,

where the dispersion is proportional to the degree of
disorderw88x. This allows us to solve the non-uniqueness
problem. The G-peak dispersion separates the materials
into two types. In materials with only sp rings, the G-2

peak dispersion saturates at a maximum of;1600y
cm , the G position in nc-G. In contrast, in thosey1

materials also containing sp chains, particularly ta-C2

and ta-C:H, the G peak continues to rise past 1600y
cm and can reach 1690ycm 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. 15b and c, 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, Fig. 15c. 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 clustering2

is higher in the sample with the lower G-peak dispersion.
A clear demonstration of this behaviour can be seen

in Fig. 17. The G-peak positions of the visible and UV
Raman spectra are plotted against N content for the
series of(t)a-C:N films. The N content ranges from 0
to 35 at.%. 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. 17b.
Fig. 18 shows how the G-peak dispersion correlates

with the density for a variety of different carbon films
used in hard disk coating with or without N or Hw65x.
The scratching resistance is a method used in the hard

disk industry to assess the mechanical properties of
ultra-thin carbon overcoats. It is performed by using an
AFM with diamond tipsw55,77x. 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 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 and3

thus with the density, Section 2, Eqs.(1)–(3). The G-
peak dispersion should thus directly correlate with the
scratching resistance. This is clearly shown in Fig. 19a
and b, where a linear relation between the G-peak
dispersion and the scratching resistance of two sets of
magnetron sputtered a-C:N and arc deposited ta-C:N is
shown. Note that for the a-C:N the scratching resistance
increases with the N content, whilst for ta-C:N it
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Fig. 17.(a) G-peak position vs. N content for 244 and 514-nm exci-
tation for (t)a-C:N samples deposited by FCVAqECWR and FCVA
alone.(b) Dispersion of G peak vs. N content. The lines are guides
to the eye.

Fig. 18. G-peak dispersion as function of the mass density for different
carbon nitride films used for hard disk coating, deposited by HCA,
biased magnetron sputtering(Bias MS) and DC magnetron sputtering
(DC MS). A clear correlation over a large density region is seen.

Fig. 19. G-peak dispersion vs. scratching resistance for MS sputtered
and HCA(t)a-C:N films used for hard disk coating.

decreases, as we expect from the general trends
described in Section 2.
The analysis of the G peak at different wavelengths

also provides the trends in the G peak FWHMs, which
are similar to the trend in the G-peak dispersion, even
though more scattered, each being single wavelength
data.
Resonant Raman spectra can be measured for ta-C

films down to;1-nm thicknessw54x. Fig. 20a plots the
G dispersion and FWHM measured at 514.5 and 244
nm as a function of the film thickness on two batches
of ta-C films of increasing thickness, one deposited by
a lab scale S-bend FCVA, the other in a production near
process environment by HCA. In both cases the Raman
parameters strongly decrease below 10 nm. This directly
correlates with the data on Young’s modulus vs. thick-
ness reported in Fig. 14 for HCA films and in Ref.w48x
for S-bend FCVA films, the latter reachingE;760 GPa.
Indeed, combining the Raman and surface acoustic data
we can obtain a linear relation between G-peak disper-

sion and Young’s modulus for ta-C films of increasing
thickness, Fig. 20b:

y1E (GPa)s1936.6=G (cm )y146.8 (8)Disp
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Fig. 20.(a) G-peak dispersion vs. thickness for a set of S-bend FCVA
ta-C films deposited by a lab scale source and of production near
process HCA ta-C films.(b) G-peak dispersion vs. Young’s modulus
for ta-C films of increasing thickness, deposited either by HCA or
FCVA and measured by LAW. Both sets of samples fall on the same
line, as expected.

In principle this relation could be used in conjunction
with Eqs. (1)–(3) to derive the density and the sp3

fraction; however, the results are likely to be underesti-
mated and qualitative, since thinner and softer films are
not equivalent to a thin slice of a bulk film with the
same density and spw48x (Section 6).3

Fig. 20 shows that the G-peak dispersion ranges from
0.45 to 0.2ycm nm for S-bend FCVA films, whilst ity1

ranges from 0.28 to 0.1ycm nm for HCA ta-C films.y1

This means that the lab scale S-bend FCVA ta-C can
reach higher densities, sp content and mechanical prop-3

erties than the production line HCA ta-C, for each
thickness. However, production line HCA films have
better uniformity over large areas and lower macropar-
ticles densityw50x. The higher instantaneous deposition
rate of HCA films also increases the temperature of the
sp to sp transition with respect to S-bend FCVA films3 2

w90x. This is again important since the process temper-
ature for hard disk deposition is;200 8C.

6. Evolution of ta-C properties with thickness

Figs. 14 and 20a allow some interesting conclusions
on the thickness evolution of ta-C properties. The
density, sp fraction and Young’s modulus all decrease3

for films below 8-nm thicknessw48x. However, there are
distinct trends. The XRR density of a 2.2-nm ta-C film,
2.8 gycm , corresponds, by using Eq.(1), to ;60%3

sp content, similar to that found by direct electron3

energy loss spectroscopy measurements(;45%) w48x.
In contrast, its Young’s modulus(;100 GPa) would
correspond to a much lower density of 1.9 gycm and3

an sp fraction of;0, if Eqs.(1)–(3) are applied. This3

is general. The sp -density correlation of bulk ta-C of3

Eq. (1) still holds for ultra-thin films. However, the
ultra-thin films are softer than bulk films(60–70 nm
thick) of the same density, so Eqs.(2) and (3) do not
hold. This conclusion bears fundamental implications
for the magnetic disk coating applications of DLCs. It
explains why ta-C films can maintain their corrosion
protection properties down to 1-nm thickness, even if
their mechanical properties are much softer than bulk
()10 nm) films. The softening of the mechanical
properties of ultra-thin films is a size effect and does
not imply a strong density and sp decrease, nor a3

change in the surface smoothness. Indeed, Section 5.1
showed that the roughness is constant for decreasing
film thickness.
Thus, the first thickness reduction effect is that, for a

given density and sp content, the mechanical properties3

of an ultra-thin films are softer than what expected for
the same film if it was thick.
The second effect is that the density and sp fraction3

of ultra-thin films are, however, smaller than the maxi-
mum reported for bulk films. This is can be understood
if one considers the cross-sectional structure of ta-C
films w21x. The films consist 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 sp like. Its thickness corresponds to the carbon2

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 growth, the thickness of the surface and
interface layers is roughly independent of the total film
thicknessw21x. 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 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
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mechanical properties once the width of the bulk layer
becomes similar to(or smaller than) the interface and
surface layers; we expect a strong reduction in the
Young’s modulus, as observed in Fig. 14.
A simple expression can be derived to describe the

evolution ofE vs. thickness:

E(z)sE y(E yE )z yz (9)Bulk Bulk csi csi

where E(z) is the Young’s modulus at a thicknessz,
E is the Young’s modulus of the bulk phase(whichBulk

can be approximated withE for z)10 nm) and z iscsi

the total thickness of the surface and interface layers.
For the HCA films in Fig. 14, z ;1 nm, whilstcsi

E ;460 GPa andE ;50 GPa. The line in Fig. 14bulk csi

is a plot of Eq.(9) and yields an excellent agreement
with experimental data, thus confirming this model. A
similar equation withE replaced by G can be usedDisp

to fit the data in Fig. 20a.
In any case, a 2-nm ta-C film still posses a Young’s

modulus of;100 GPa, sp content of;50% and a3

2.8y2.6 gycm density. The smoothness and absence of3

pin-holes give excellent corrosion resistance down to
;1-nm thickness, as confirmed by direct corrosion tests
w43x. Thus, ta-C satisfies all the requirements needed
for the ultimate storage density limit of;1 Tbityinch .2

7. Conclusions

The status of DLC films to be used as overcoat for
magnetic and optical storage disks has been reviewed.
The main requirements, such as smoothness, density,
corrosion protection have been highlighted. In order to
achieve;1 Tbityinch storage density the challenges is2

to provide;1-nm films with suitable properties and to
be able to assess these properties in a lab and then on
the production line. The main non-destructive measure-
ment techniques for structural evaluation of the carbon
overcoats have been presented, showing how they can
cope with thin and ultra-thin films. In particular the
versatility of Raman spectroscopy for ultra-thin films
probing has been underlined. A detailed analysis of the
properties of ultra-thin ta-C films has been discussed.
These films are able to provide smoothness, corrosion
protection and reasonable mechanical properties down
to ;1-nm thickness and are thus promising candidates
for next generation data storage devices.
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