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Abstract

Diamond-like Carbon (DLC) is the preferred coating material for magnetic storage disks and future optical storage devices. Tetrahedral
amorphous carbon (ta-C) films are used to coat the read heads. Films with a thickness below 2 nm and roughness well below 1 nm are needed
to achieve the desired storage densities. To reach these values, we must determine the minimum thickness for continuous and pin-hole free
films. Here, we review the studies on the smoothness and the growth mechanism of ta-C. The film roughness R of every growing surface
generally increases with the thickness z as R~z" until saturation. For a fixed thickness, R increases with the lateral scale length L as R~L".
The exponents o and f are called roughness and growth exponents, respectively, and they are uniquely defined by the growth process. The
roughness evolution of ta-C films grown at room temperature was measured by atomic force microscopy. The roughness is very low (~0.12
nm) and the growth exponents are «~0.39 and ~0-0.1. These require the presence of surface diffusion and relaxation. We propose that the
diffusion is local and it occurs during the thermal spike, which accompanies ion dominated depositions. Monte Carlo simulations confirm this
and show low exponents consistent with experiments. Thus, the scaling analysis shows that the surface properties, for a fixed temperature and

jon energy, are a separate process to subplantation, which determines the sp® bonding of the bulk film.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Diamond-like Carbon (DLC) is the name attributed to a
variety of amorphous carbon materials containing a large
fraction of sp” bonds [1]. The sp® fraction can vary from 0 to
90%, depending on the deposition method [1] and it
determines the density and the mechanical properties [2].
The term tetrahedral amorphous carbon (ta-C) designates a
non-hydrogenated carbon containing a high fraction of sp’
bonded carbon. Thus, ta-C is the DLC with the best
mechanical properties [1,2].

In recent years, there have been important advances in the
science of carbon such as the development of the chemical
vapour deposition of diamond [3] and the discovery of Cg [4]
and carbon nanotubes [5]. Similarly, DLC has become
increasingly important from a technological point of view.
For example, DLC is a key component of the data storage
industry, both magnetic and optical, where developments of
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the DLC protective layer could allow increases of the data
storage density to ~1 Tbit/in> and ~100 Gbit/in?, respectively
[6-11].

Magnetic storage technology has used DLC coatings for
20 years to protect the head and disk from wear and
corrosion. The coatings presently used are sputtered
amorphous carbon films, typically containing a significant
fraction of nitrogen (a-C:N) or hydrogen (a-C:H) and
thickness of 3—5 nm [12—-14]. A key aspect of magnetic
storage technology is that data storage density is presently
doubling every year [6,7]. 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 ~100
Gbit/in® [6,7] while vertical recording may allow storage
densities up to ~1 Tbit/in> [7,8]. Both cases require the
read head to approach close to the magnetic layer and the
use of ever-thinner layers of DLC 1-2 nm thick [6-10]
(Fig. 1). The main role of the DLC coating is to provide a
corrosion barrier to the recording medium, so they must be
atomically smooth, dense, continuous and pin-hole free.
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Fig. 1. Variation of carbon thickness on disk and sliders, magnetic spacing and fly height with storage density according to the roadmap for magnetic storage
technology. Films with thickness of 1-2 nm are needed in order to reach storage density over 100 Gbit/in®.

However, both a-C:N and a-C:H cease to provide
protection against corrosion and wear below about 3 nm
because they are not continuous [8,15]. Actually, the low
ion energy (~5 eV) involved in the magnetron sputtering
[15] cannot overcome any nucleation barriers. Thus, an
improved coating for future hard disks is needed. The
coating must be continuous and very smooth, even at ultra-
low thickness. A good candidate is ta-C, because of its
unique combination of desirable properties, such as atomic
smoothness, wear resistance, and compatibility to the
lubricant [1,10,16,17].

We have noted that the coverage is the most important
requirement for storage disks. However, the surface proper-
ties of ta-C are not well known. The roughness of ta-C has
been studied experimentally as a function of substrate
temperature [18] and ion energy [18,19], but in the case of
ultra-thin films for hard disk coating, both temperature and
ion energy are fixed and only the thickness, i.e. the deposition
time, is changed. There are also some molecular simulations
on the first stages of ta-C growth [20-22], but they focus only
on the sp® evolution. Only few calculations focus on the
surface [23-25], but the roughness evolution was not studied.

In this paper we review the studies on the roughness
kinetics of ta-C, grown at room temperature and fixed ion
energy. This allows us to study the film coverage and also to
quantify the nucleation and the first stages of growth of ta-C
films. A few previous works assessed this problem in other
types of carbon films, such as nanostructured carbons [26],
some carbon nitrides [27] or hydrogenated amorphous
carbons [9].

2. Experimental

Two sets of ta-C films of increasing thickness are
investigated: i) ta-C films deposited by a lab scale Filtered
Cathodic Vacuum Arc (FCVA) with an integrated off-plane
double bend (S-bend) [28]. The deposition rate is ~0.8 nm/
s and the film thickness is between 4 and 70 nm as derived
by a combination of ellipsometry and X-ray Reflectivity
(XRR). The thickness determination by XRR is precise to
0.1 nm [2]. The deposition chamber was evacuated to 10~*

Pa using a turbo-molecular pump. No substrate bias was
used. The self-bias results in an ion energy of about 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 conditions have ~88% sp>, a density of
3.3 g cm ° and a Young’s modulus of ~750 GPa [2,29].
Ultra-thin samples, i.e. with thickness below 10 nm,
deposited in these conditions have 50% sp’, a density of
2.6 g cm° and a Young’s Modulus of 100 GPa [30]. ii)
ta-C films deposited by a near-production process filtered
high current pulsed arc (HCA) [31]. The deposition rate is
8—10 nm/s and the film thickness is between 1.6 nm and
20 nm as determined by XRR and ellipsometry. The base
pressure is ~10~* Pa. The films were deposited at room
temperature on ultra-smooth silicon with a roughness of
0.1 nm. Samples deposited in these conditions have a
density of ~2.9 g cm > and a modulus of ~500 GPa [32].
However, ultra-thin samples deposited in these conditions
still exhibit ~2.6 g cm > density and a Young’s Modulus
of ~100 GPa [32].

Note that in magnetic head coating, the head is pre-
coated with a very thin silicon layer. 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 Nanoscope 111
Digital Instrument AFM operating in tapping mode. We
used tips made from etched silicon. The resonant frequency
and the length of the cantilever are 254-389 kHz and 160
um, respectively. A surface scan size of 1 pmXx1 um was
used. The root mean square roughness is defined as:

s — o)’ 1/2
-z 05)

where 4; is the film height, /4, is the average of the height
values in a given area and N is the number of measure-
ments. R was calculated on a 0.5 pmx0.5 um area in order
to avoid any macro-particles [28]. A total of 254 line scans
are taken for each image.
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3. Surface properties

The film coverage can be related with different effects:
1) extrinsic factors such as substrate cleanliness and
filtering of particulates from the film flux; ii) intrinsic
factors such as the surface mobility or nucleation barriers.
If there is a nucleation barrier, then the film will not
nucleate everywhere on the surface. The surface mobility
can help the formation of islands since atoms can be free
to move across the surface to form islands in order to
reduce the surface energy, but leaving some parts of the
surface uncovered. On the other hand, diffusion and
relaxation phenomena can help surface smoothing. The
effect of the diffusion depends on the diffusion length,
which in turn depends on the experimental conditions,
such as substrate temperature or ion energy [33-35]. Thus,
the study of the surface properties achieves the under-
standing of the basic mechanism leading the roughness, i.e.
the growth process.

Fig. 2 shows the schematic variation of roughness with
film thickness for a general case. At first, the films consist
of a series of islands where the new phase has nucleated,
and the roughness increases quickly. Then the roughness
peaks and decreases as the islands coalesce to form a
closed, continuous film. The third stage consists of a
constant roughness for epitaxial films. Finally, the rough-
ness increases gradually above a ‘roughening transition’.
The third stage is absent in the case of an amorphous film,
as here. We shall see that the first two stages are also
largely absent for ta-C, because of the lack of nucleation
barriers.

It is possible to analyse the increase in roughness in the
fourth stage for amorphous or small-grained films, by
using fractal models and the scaling theory [36-38]. This
considers the importance of the scale of the measurements
with regard to the structural characteristics. It assumes that
every growing surface is self-affine, so that the surface is
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Fig. 2. Schematic of roughness variation with film thickness in a general
case. At first, the films consist of a series of islands where the new phase
has nucleated, and the roughness increases quickly. Then the roughness
peaks and decreases as the islands coalesce to form a closed, continuous
film. The third stage consists of a constant roughness for epitaxial films.
Finally, the roughness increases gradually above a ‘roughening transition’.

invariant under anisotropic transformations [36,37]. This is
due to the fact that the surface properties of films
deposited under non-equilibrium conditions are determined
by the competition between fluctuations and smoothening
processes (excluding chemical reactions). In film deposi-
tion, the fluctuations derive from the non-uniform nature
of the incoming flux: the atoms reach the surface at
random positions, with random time interval between
them. Random fluctuations take place on both long and
short-range scales. On the other hand, smoothing effects,
such as thermal diffusion, tend to eliminate the height
fluctuations. They occur on a length scale of the atomic
diffusion length. Hence, these two processes can only lead
to a balancing effect on a relatively short-range scale and a
kinetic roughening of the film will occur. Thus, R scales as
[36-38]

R~H1(UUW) (2)

where ¢ is the deposition time, L is the length scale i.e.
LXL is the window size where R is measured. f{(u) is the
scaling function of the argument u=t/L*P. For small times,
that is u <1 [35-38]:

R~ (3)

This is the “scaling law” for ultra-thin films, assuming that
the deposition rate is constant. Thus, as deposition occurs,
the growing surface gradually roughens. Over a certain time,
the roughness reaches saturation. For a fixed time [37]:

R~1I* (4)

The roughness depends on the length scale accessible to
the method probing the surface. Only over a certain length
scale, R is constant. The roughness exponent o (0<o<1)is a
static exponent since it describes how the sites on the
surface are correlated at a certain time. In contrast, the
growth exponent f is a dynamic exponent since it
determines the first stage of growth (Eq. (3)).

The maximum peak to valley difference, R,, is
generally 5-6 times R. Thus, if z is the ta-C thickness,
the film is continuous if the difference “z—R,” remains
sizeable as z decreases. However, the scaling analysis
contains more information than only the coverage. The
exponents o and f are uniquely defined by the growth
process. The exponents of some simple discrete models
have been calculated [36-38]. In these models the
morphology depends on how and where the particle is
allowed to come to rest and stick to the existing surface
(Fig. 3). For example, in the random deposition the
particles stick at the surface and f is 0.5, while o is not
defined. In the random deposition with surface diffusion
the particles do not stick irreversibly, but can relax to a
nearby site with a lower height. This model gives f=1/4
and o=1/2. In the case of ballistic deposition the lateral
sticking is allowed, in contrast to the random deposition
model. Here the particle sticks to the first site along its
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Fig. 3. Example of discrete growth models and their scaling exponents o and f3. Their values define the growth mechanism. For random deposition the particles
stick at the surface; for random deposition with surface diffusion, the particles do not stick irreversibly, but can relax to a nearby site of lower height. The
ballistic deposition is different from the random deposition because the lateral sticking is allowed.

trajectory that has an occupied nearest neighbor. In this
case the fractal exponents are /=1/3 and a=1/2. However,
the real experiment is much richer in mechanisms leading
to roughening. Thus, continuum equations have been
proposed [37,39-41]. Table 1 shows the fractal exponents
derived from these equations.

Eq. (3) allows us to derive f§ by plotting In(R) as a
function of In(z). In order to find o, we must use spatial
surface descriptors, since the roughness exponent describes
how the sites are correlated as a function of the distance
between them, at a certain time. For example the height—
height correlation function can be used [36]:

H(r,t) = <[h(r,1) = h(0,1)]*> (5)

where 7 is the radial distance between two sites and 4(r,7) is
the height of the site at position » and time 7. The bracket
denotes the spatial average. Below a certain distance, called
correlation length (&) [36]:
H(r,t)~r* for r<¢ (6)
Thus the roughness exponent can be derived from the
initial slope of H(r,¢). Furthermore, the growth exponent can
be derived from the kinetic evolution of & [36,37]. Above &,
H becomes a constant. As

g~ 1 (7)

this allows us to calculate the ratio fi/«, and from Eq. (6) we
find f.

Fig. 4 shows the AFM pictures of ta-C films with thickness
a) 1.6 nm deposited by HCA; b) 3 nm by HCA; (¢) 15 nm and

Table 1

Scaling exponents predicted by the most used continuum growth equations,
such as Edwards-Wilkinson (EW) [40], Kardar-Parisi-Zhang (KPZ) [39]
and Molecular Beam Epitaxy (MBE) [37]

Model a 8
EW 0 0
KPZ ~0.38 ~0.24
MBE 1 1/4
Non-linear MBE 2/3 1/5

(d) 60 nm by FCVA. We note that the surface is continuous
and characterised by uniformly distributed features. No
particular differences in the morphology are visible.

Fig. 5 is a logarithmic plot of the roughness evolution as
a function of film thickness. The roughness is approximately
constant (R~0.12 nm) for every sample and it is in
agreement with previous data on thicker films [19]. In the
case of lab scale FCVA films, the roughness shows an
apparent increase from 0.12 to 0.17 nm when the film
thickness decreases from 8 to 4 nm. This increase could be
due to nucleation barriers. In fact, this is due to the initial
roughness of the silicon substrate (~0.2 nm), which is
smoothed exponentially [42] by the covering ta-C film. The
extrinsic origin of this initial roughness is demonstrated by
the data from HCA films where no increase is visible due to
the much smoother Si substrate (R~0.1 nm).

Fig. 5 shows that R, is always lower than the film
thickness, thus ultra-thin ta-C films are continuous and pin-
hole free. This has also been confirmed on large areas by X-
ray Photoelectron Spectroscopy measurements. In this case
the core levels of the substrate are not seen through the
overcoat [43,44]. Fig. 5 also shows that the roughness is
independent of thickness, so the growth exponent f is zero.

Fig. 6 shows the height-height correlation function. We
derived a roughness exponent o ~0.39 [45]. Eq. (7) gives f3/
o ~0.24, and so ~0.09 [45], in agreement with Fig. 5.

4. Discussion

We found that the scaling exponents for ta-C are: o~0.39
and ff~0-0.1. These exponents do not match any of the
standard growth mechanisms [37—41]. However, a growth
exponent of /~0 generally arises from surface diffusion plus
relaxation, as noted by Tamborenea and Das Sarma [46].
These are thermally activated process. Thus, we would
expect the low roughness of ta-C to be related with a high
temperature.

Ta-C is characterised by a high fraction of sp> bonding.
The most accepted model to describe the origin of these sp°
bonds is the subplantation model, in which the film grows
from energetic ions, which implant themselves just below
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0.5

Fig. 4. AFM image of ta-C films with thickness a) 1.6 nm deposited by HCA; b) 3 nm by HCA; (c) 15nm, and (d) 60nm by FCVA. The vertical scale is 10 nm

and the scan size is 0.5x0.5 pm?.

the surface [47-49]. However, it is not subplantation itself
that causes the smoothness. The mechanism of this smooth-
ness was not previously defined, although the smoothness
has been always associated experimentally with high sp’
content [18,19].

We use a simple model to account for the smoothening
process. We assume that the energy of the depositing ions
dissipates locally as heat in a so-called thermal spike of ~1
ps [22] and that this heat causes a local surface melting.
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Fig. 5. Roughness evolution as a function of thickness for ta-C films
deposited on Si 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.

During this time, surface energy minimization flattens the
surface locally. Fig. 7 (a,b) shows a schematic representa-
tion of the surface before and after the local melting event.
We model this by a Monte Carlo simulation. The only free
parameter is the number of nearest neighbours in the melted
zone. We consider up to 3 nearest neighbours to be affected.
We simulated films of increasing thickness up to 30
monolayers, and with a cell size of 512x512 atoms.
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Fig. 6. Height-height correlation function for different thickness. The initial
slope is related with the roughness coefficient o (Eq. (3)), while the turning
point gives the correlation length, ¢ (Eq. (4)). 1.6, 2 and to 3.2 nm are HCA
films; 15, 27 and 40 nm are FCVA films.
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Fig. 7. Model used in the Monte-Carlo simulation (a, b) and resulting
simulated surface (c), obtained by flattening of the third neighbours. (a) The
energy of an incident ion is dissipated in a thermal spike volume, dot line;
(b) this cause local melting and flattens the surface locally.

Fig. 7 (c) shows an example of the resulting surface. Both
roughness and growth exponents slightly increase with the
number of neighbours [45]. However, the scaling exponents
measured on the simulated surface are in good agreement
with the experimental ones.

This shows that for a fixed ion energy and room
temperature, the surface properties are not related with
subplantation. Actually, Raman Spectroscopy of ultra-thin
ta-C films has shown that the disorder in the structure
decreases below 8-10 nm [10,32,50]. This has been
attributed to the cross-sectional structure evolution of ta-C
films [10,32,50]. The cross-sectional structure is caused by
the subplantation and is composed of: a graphitic top-layer,
the bulk sp® rich layer and finally an interface region
between the bulk and the substrate [2,47-49]. For fixed ion
energy, the nature of the surface layer does not change with
thickness [2]. Thus, the structural change at low thickness is
related to the fact that it takes some time for the bulk layer to
be formed. Thus, the thickness reduction causes a reduction
in the “bulk” sp® phase. This simple model allows us to
derive simple expressions linking the Young’s modulus,
density and Raman fit parameters as a function of the
thickness [10,32].

The surface properties are thus not related to subplanta-
tion. This is further demonstrated in Fig. 8. We derived the
growth exponent f§ for a-C films grown by magnetron
sputtering (MS) [51]. This is ~0.24 and it matches the
predictions of Kardar—Parisi—-Zhang equation [39] or the
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Fig. 8. Scaling law and growth exponent 5 for ta-C films, compared with
a-C and a-C:H grown by magnetron sputtering (MS) and bias magnetron
sputtering (BMS) [50]. The growth exponent for MS a-C films is ~0.24,
while ~0 is for ta-C deposited by FCVA. This shows that the ion energy is a
key parameter in determining the surface properties. In the case of the BMS
films the roughness is constant with the thickness similar to ta-C. Actually,
the heavy Ar" bombarding ions could in this case be effective in activating
surface diffusion due to the high ion momentum, compared to C'[51].

molecular beam epitaxy model [37,41], Table 1. The
roughness exponent would be needed in order to precisely
determine the growth process. However, in both these
models surface diffusion plays an important role, but the
local temperature or the ion energy is not high enough to
produce a viscous flux, i.e. flattening the surface. This
shows that the ion energy is a key parameter in determining
the surface properties, as seen in Refs. [18,19]. Samples

Fig. 9. Simulated surface layer of ta-C (birds-eye top down view) and its
surface (red atoms), obtained by using a 200 atom supercell of ta-C of bulk
density 3.2 g/em® [52]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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deposited by magnetron sputtering assisted with Ar" on
biased substrates (BMS) [51] show a roughness very close
to ta-C (Fig. 8), apart from the initial coalescence, due to the
ion damage of the substrate. Although the roughness is the
same of ta-C, the density is only ~2.6 g/cm® [51]. Thus, the
ion energy is not the only parameter in determining the
surface properties. The heavy Ar" bombarding ions could in
this case be effective in activating surface melting and
diffusion due to the higher ion momentum, compared to C*
[51]. This again supports our model.

It is interesting that the smooth ta-C films occur at a very
low reduced temperature (8), which is the deposition
temperature scaled to the melting point. Assuming a melting
temperature for carbon of 3000 K and room temperature as
deposition temperature, the reduced temperature is 6=0.06.
Diffusion and smoothening are thermally activated process.
It was shown [33-35] that grain morphology in thin films
varies according to the reduced temperature following the
so-called ‘Thornton diagrams’ [33]. Surface diffusion
occurs above a reduced temperature of 6~0.3. Bulk
diffusion occurs above 0~0.5. Messier et al. [34] and Kelly
and Arnell [35] noted that these diagrams should be
generalised by introducing extra axes of ion energy and
ion-to-atom flux ratio, J. The zone of surface diffusion can
then fall to 0=0 for sufficient ion flux. Thus, the ion flux
creates an external source of diffusion. This is in effect the
situation for ta-C grown by FCVA, where J~1.

The smoothness is related to the low surface energy of ta-
C. Fig. 9 shows the first monolayer (red atoms) and some
lower layers (grey) of a simulated surface of ta-C. A 200
atoms supercell of ta-C of density 3.2 g/cm® was created and
relaxed using the CASTEP plane wave pseudopotential
code [52]. The cell was fractured to create two free surfaces,
and the new structure and surface was relaxed. We can
observe that the surface has reconstructed so that most
surface atoms are three-fold coordinated and form ring-like
structures with the rings parallel to the surface. This shows
that the surface layer of ta-C reconstructs to form n bonded
rings, where possible, to avoid any dangling bond, thus
maximising its stability and minimising its surface energy.
The 7 bonding of the surface atoms helps to form the very
smooth surface. A similar surface configuration was found
in earlier simulations of Kelires [24] and Dong and Drabold
[25]. This monolayer reconstruction of ta-C surfaces is
distinct from the ~1 nm thick sp*-rich surface layer, which
forms due to subplantation [48], whose thickness is greater
and varies in proportion to the ion energy.

The final question involves the temperature dependence
of roughness. It was reported that the roughness of ta-C
suddenly increases to 8-30 nm when it is deposited above a
critical temperature of ~150-250 °C [18,53]. This appears to
contradict our model. This is resolved by noting that for
room temperature deposited ta-C, the outer atomic layer
reconstructs with a graphitic layer lying in the plane of the
surface (Fig. 9). This allows local melting to flatten the
surface. However, above the critical temperature, the bulk

bonding reverts to sp”, and the graphitic planes now lie
normal to the film surface [54,55]. This creates a much
larger roughness and higher surface energy.

5. Conclusion

We reviewed the kinetic surface evolution of ta-C surface
and its fractal analysis. The growth exponent f§ is ~0-0.1,
the roughness exponent «~0.39. The roughness is extremely
small of order 0.1 nm. This low roughness is assigned to
local melting during energetic ion deposition.
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