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Amorphous carbon films about 20 nm thick are used by the computer industry 
as pmtcctive coatings on magnetic disks. The structure and function of this 
family of materials at the atomic level is poorly understood. The growth and 
properties of a:C and a:CH films 1 to 5 nm thick has been simulated using 
classical molecular dynamics and a bond-oder potential with torsional terms. 
Studies of quenched melts that verify the ability of this potential to reproduce 
known fcatures of extended structures of carbon in two and three dimensions 
are briefly described, In molecular dynamics calculations the incident species 
were neutral atoms C, or C and H with energies up to 100 eV. The 
stoichiomctry, chemical bonding and distribution functions within the films were 
analyzed using IBM's Power Visualization System for different incident gas 
energics. Microscopic features such as multiple ring structures, including planar 
graphitic structures, were easily identified. Some preliminary studies of the 
nanotribology of the a:C films are described, including nano-indentation and 
sliding in contact with a rigid probe. 

INTRODUCTION 
In the computer information storage technology the surfaces of rigid disks in direct ac- 
cess storage devices are protected by a thin layer of amorphous carbon hydrogen a:CH 
(< 20 nm thick), on top of which is an even thinner layer of a perfluorinated polyether 
lubricant (< 3 nm). The purpose of the carbon overcoat (COC) is to protect the magnetic 
layer in which the information is encoded, from corrosion, abrasion, and impacts with 
asperities on the slider. The typical flying height and velocity of the slider are 50 to 
75 nm and 1 to 40 ms-' respectively. These dimensions and speeds permit the applica- 
tion of molecular dynamics simulations* to model physical and chemical processes oc- 
curring inside this technologically very important slider-disk interface. Here we report 
on the growth, chemical composition, and physical structure of amorphous carbon a:C 
films with thickness's in the very small to small nanometer range. Some comments on 
the growth and properties of a:C-H films, and the tribology (friction, lubrication and 



wear) of a:C films are also given. The immediate objective was to simulate films that 
have a composition in the range used on computer disks, and tribological tests like in- 
dentation and sIiding, in order to compare with real C0Cs.d These calculations contain 
novel features that make them of interest in connection with chemical vapor deposition, 
chemistry of nanomachining of covalent solids and energy dissipation processes2. A 
brief account of this work at an earlier stage of progress has been published3. 
The experimental characterization of non crystalline thin f h  is not particularly easy 
and it is no surprise that even after many years of study amorphous carbon f i i s  are still 
poorly understood. For this reason molecular dynamics simulations could turn out to 
be an important tool for understanding theoretically what is already known exper- 
imentally, Many of the early studies characterized the chemical bonding in the films 
using vibrational s p e c t r o s c o p ~ ~ .  However the information obtained was not detailed 
because sf the intrinsic disorder of the material. Recently pulsed NMR techniques have 
given more quantitative information on composition and bonding ratios in thick films'. 
Liiewise the brightness of synchrotron sources in the x-ray region has made some 
measurement of radial distribution functions possible8 which can also be compared with 
neutron scatteringg. 

THE MOLECULAR DYNAMICS MODEL 
In a typical classical molecular dynamics (MD) scheme the equations of classical me- 
chanics are numerically integrated with time steps around 1 fs seconds) for several 
million times steps. The forces are generated by differentiating a potential energy 
function. In the past the development of potentials associated with directed chemical 
bonds in organic materials was achieved assuming that they did not stretch to breaking 
point. These potentials are suitable for studying the conformations and vibrations of 
single mlolecules or polymers or assemblies of the same1*. They are not useful in 
problems of the type described here, where chemical reactions occur during the growth 
of the carbon film or as a result of a tribological process. Instead we follow the idea 
of a bond order potential'l, extended in essential ways to strong covalently bonded 
systems like silicon and carbon by Tersoffl2-I4, and elaborated into a practical and 
useable form for carbon and carbon-hydrogen systems by Brennerf5-17. 
In Brennier's scheme the interatomic potentials allow incident neutral C and H atoms to 
bond to previously deposited atoms in ways that are determined by the bonding state 
of nearest and next nearest neighbors. These potentials have the advantage that they 
permit the making and breaking of bonds with the arrival of each new atom. The basic 
form of (he potential is 



where the labels i and j run over all atoms in the system. The V, and V, are repulsive 
and attractive Morse like potentials given by 

where the cut-off functionsj$;(r) are chosen to be differentiable and to restrict the po- 
tential to nearest neighbours. If S,j is set to 2 these functions revert to the usual Morse 
form. The two body Morse form describes what happens as the bond is stretched to 
breaking. The three (bond angle bends) and four (torsions) body terms are contained 
in the bond order function &j. The interested reader is referred to the papers of 
Brennerls. l6 for full details. Only the salient features are given here. 

where 

In these formulas G,(OIjk) describes the three atom angle bends and x j {$ i jk , )  the four atom 
torsions. In the dihedral torsion angle the quadruples ijkl assume that ij is the bond 
around which torsion occurs, and that bonds connect k to i and 1 to j. The symbols 
NP, NP, N['), and N y j  refer to functions which represent the number of carbon, hydro- 
gen, total carbon and hydrogen and the number of conjugated pairs of carbon atoms. 
The cut-off functions$,@) are used to define the number functions N, The conjugation 
number function provides continuous values of NTj as bonds are created or destroyed. 
When N ~ J  = 1 then the bond ij is not part of a conjugated system. When Npj 2 2 the 
bond ij is part of a conjugated system and parameters fitted to conjugated bonds are 
used. The explicit form of z($ljLJ used in the calculations reported here is similar to that 
used by Brenner17. 



QUENCHED MELTS 
As a test of the use of the Brenner potentials we have simulated the cooling of pure 
carbon melts of various densities. For the quench simulation we use periodic boundary 
conditions and constrain the volume to fix the density relative to diamond density @,,= 
3.54 grnis/cc). The initial state was the well equilibrated liquid at 6000 K. System sizes 
from 64 to 8000 carbon atoms and quench rates from 5 to 40 Wps were studied. 
Without the torsional term the system adopted unphysical bonding configurations when 
two sp2 C atoms were directly bonded. The torsional term was included in all the cal- 
culations; reported here. For a given density the pair distribution function was found to 
be relatively insensitive to quench rate and system size. The pair distribution curve was 
found to be similar to that in the tight binding MD simulations of Drabold et  all8. In 
some of the quenches at densities around OSp, we observed the formation of 2D 
graphitic layers of trigonally bonded sp2 C atoms containing numerous defects, mostly 
in the farm of five and seven membered rings with a few eight membered rings. The 
sheets tended to be planar across the entire simulation cell. In other quenches at similar 
densities we observed the formation of amorphous three dimensional networks with 
mostly brigonally bonded C atoms with five, six, seven and eight membered rings. At 
densities closer to pD amorphous 3D carbon networks with high sp3 bond content were 
formed, with many paired sp2 C atoms. Based on their high sp3 bond content these 
networks appear to model diamond-like carbon films quite well. 

AMORPHOUS a:C FILMS 
Amorphous a:C and a:CH films have been simulated for different growth conditions and 
with different feed stocks (C, H, q, and benzene have all been tried). In the calculations 
reported here beams of neutral C or H atoms with predetermined kinetic energies (in the 
range 1 10 100 eV) impinged on a diamond (100) surface. The dynamics of the diamond 
substrate was governed by the Brenner potentials. As the a:C or a:CH film grew the 
diamond surface was buried and the film lost memory of its substrate. A great deal of 
effort was put into choosing a good thermostating scheme because of the large amount 
of energy released when an incident C atom bonded to the surface. Typical output data 
from the code consisted of atom label, positions and velocities, chemical type, and nature 
of bonds to neighbors, all as a function of time. We took the positions of all the atoms 
at any instant of time and used data explorer and IBMs Power Visualization System 
(PVS) ts make 'three dimensional' pictures and movies of the deposition. Examples are 
shown in the Figures 1 to 4 for films of pure carbon deposited at energies between 1 
and 100 eV. Carbon atoms are incident from the top. The regular array of an 8x8 di- 
amond lattice is partially visible at the bottom of each figure. On top of the diamond 
substrate: in the amorphous film all sorts of chemical structures are visible, in some 
pictures graphite-like layers are visible whilst others have 'dangling' chains of carbon. 
Video movies made with the PVS were particularly helpful in understanding the dy- 
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Figure 1. Perspective plot of an amorphous film of pure carbon growing on top of a 
diamond substrate. Left shows atoms and bonds, right shows bonds only. The 8x8 di- 
amond substrate is seen on the bottom. Carbon atoms were incident on the substrate 
at an energy of 1 eV. Note the apparent low density of the film with dominant sp2 
bonding and partial graphitic structures, including well developed layers on the surface. 



namics of the growing surface. On the (100) diamond surface, precursors to growth 
appeared to be transient snake-like chains of carbon atoms. 
Carbon atoms travelling normal to the surface with fixed energies in the range 1 to 100 
eV impinged at random (x,y) positions at the rate of 1 atodps. Faster deposition rates 
did not allow the thermostat enough time to remove the heat of reaction as the incident 
atom formed new chemical bonds at the surface. Experimental deposition rates are 
equivalent to 2 or 3 atomic layers per second, which is about 10'' times slower than in 
this themetical simulation. The computer simulation was open, any molecular fragment 
that formed in the vapor phase above the surface or broke loose as a result of atom 
impact, and migrated past the upper boundary of the simulation cell, were removed from 
the simulation. This meant that the time to grow a Nm to a given thickness was un- 
known at the start of a calculation. Since the periodicity of the simulation cell in the 
xy plane was about 2 nm, it can be seen that the films are between 4 and 6 nm thick. 
Figurer; 1 through 4 show snap shots of a:C films growing with C atoms incident at 
energies of 1 eV, 5 eV, 20 eV and 50 eV respectively. In each of these figures the left 
hand side shows atoms and bonds and the right hand side bonds only. Time lapsed in 
these calculation was a few nanoseconds. The microstructure and surface morphology 
of the tfilms changes strongly with incident energy. 
The film in Figure 1 was grown at 1 eV. The diamond substrate is mostly intact since 
only the two top layers of the diamond lattice we= significantly altered by reaction with 
the incident carbon atoms. Most of the deposited atoms are in the sp2 state and the bonds 
are mostly trigonal. The film has two regions, the part next to diamond appears loose 
and fluffy, the part on top is graphitic. The presence of graphite may be due to the small 
size of the simulation cell which favors planar structures once they have nucleated and 
grown in size comparable to the cell size. The low overall density is evident from the 
apparent openness of the structure compared to the films grown at 20 eV and 50 eV. 
The film in Figure 2 was grown at 5 eV. Figure 5 shows the calculated number densities 
for all (C atoms, and those in spl, sp2, andsp3 state. This film is more dense there being 
no extended graphitic structures except for one extending vertically from the surface. 
We interpret the lack of planar graphite regions as an effect due to energetic atoms that 
pound ,away at the surface thereby limiting the size of planar graphitic regions. Though 
most of the atoms are in the sp2 state, there is a significant concentration of sp3 
througtiout the film, and also a smaller but significant concentration of sp' atoms. 
The film in Figure 3 was grown at 20 eV. Figure 6 shows the calculated number den- 
sities f ix  all C atoms, and those in spl, sp2, andsp3 states. This film is more dense than 
the 5 e V  film, the ring structures tend to be small. The energetic atoms not only pound 
the surFace but also penetrate further. Implanting a C atom into a sp2 network will result 
in the formation of some sp3 atoms. In this film, see Figure 6, sp3 is the dominant 
hybridization of the C atom. There is a significant concentration of sp3 across the film, 
also a small sp2 which peaks near the surface. The sy' C atoms are concentrated at the 
surface. 
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The film in Figure 4 was grown at 50 eV. This film is definitely more dense and there 
are no graphitic structures. Erosion of the diamond substrate was more pronounced than 
at the lower energies. The interface is not so sharp and at the surface the ratio of spz 
to sp' is unity. There are few sp3 bonds at the surface even though it is the dominant 
interior species. At the higher energies (we have examined 50 eV and 100 eV) a new 
process aippears. The interior of the film is still dense but the surface is not so sharp. 
This appears to be due to a physical sputtering process. Each arriving atom deposits 
enough energy to sunder existing surface bonds and occasionally detach fragments. In 
passing we note that at high energies the careful attention must be given to the ability 
of the thermostat to conduct away the heat of reaction and on the adequacy of high en- 
ergy repulsion part of the atom-atom potentials. 

AMORPHOUS a:CH FILMS 
Deposition simulations have been performed for a:CH films grown with a 1:l ratio of 
C to H atoms. The incident H and C atoms have the same energy. The composition 
of the grown a:CH film was depleted in H. Generally they contained only 20 - 30 
atomic percent of H. The rest of the hydrogen atoms left the system through the vapor 
phase in small hydrocarbon fragments. At low energy the presence of hydrogen in the 
films increased the number of tetrahedrally bonded C atoms sp3 so that the ratio of sp3 
to sp2 w,as higher. Another effect was to sharpen the interface in low energy films. 
There is also evidence from preliminary calculations that the stress in a:CH films was 
lower cosmpared to a:C films built at the same energy3. 

TRIBOLOGY 
Space does not permit a full description of either the indentation or sliding simulations. 
The 2x2 nm a:C films described above were used to construct substrates for growing 
larger films. The procedure was first to replicate a 4x4 nm film from a 2x2 array of 2 
nm sized films. The atoms in the top 2 nm of this replicated film were then used as the 
base for a larger sized simulation in which atoms rained down at random on the 4x4 nm 
substrate. As in the simulations with (100) diamond substrates all memory of the base 
was lost in a few layers of carbon. The indentation experiments consisted of impacting 
a rigid repulsive diamond probe tip with a 10 atom blunt (100) surface and three (111) 
side faces into the grown 4x4 nm film. The probe was programmed to a specified depth 
and then retracted. The simulation was then repeated starting with exactly the same 
initial state of the carbon film and pushing to a greater depth. The approach and re- 
traction speeds were 35 ms-'. For very small indentations the response was nearly 
elastic, and the load-unload portions of the curve barely distinguishable. After pene- 
trating approximately 0.3 to 0.5 nm into the surface the load-unload curves became 
distinguishable. A phenomena resembling 'tearing' with irreversible flow occurred at 
several stages as the indentor progressed into the material. There were large movements 



of carbon atoms around the rigid tip as bonds were broken and remade. A careful 
analysis of the bond dynamics of these processes is underway. 
In the sliding experiments the film is repetitively passed under the rigid diamond tip 
using 3 periodic boundary condition in the sliding direction. The same initial 4x4 nm 
film used for indentation experiments was used in two sliding simulations. The frrst 
involved high speed sliding 350 ms-’ at light load. The second involved lower speed 
sliding 35 ms-’ at higher load. After many passes at high speed the surface of the film 
was slowly altered. At high loads the behavior was quite different because the tip was 
started in a position of significant penetration into the film. In this case movement of 
the film created a groove in the surface. 

CONCLUSIONS AND SUMMARY 
The computer simulations show that f h s  grown under different initial conditions show 
a graduation in composition consistent with generally known experimental findings and 
how the surface structure changes with impact energy. Many of the problems we have 
encountered analyzing the composition and structure of these films are generic to the 
deposition and surface processing of covalent materials, the science underlying the 
sputtering of organic monolayers being one such fieldlg. 
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Figure 3. Perspective plots of amorphous film of pure carbon growing on top of a dia- 
mond substrate. Left shows atoms and bonds, right shows bonds only. The 8x8 dia- 
mond substrate is seen on the bottom. Carbon atoms incident at energy 20 eV. Note 
the higher density of the film still predominently sp2 bonding. There are no extended 
graphitic: structures at the surface. Density higher than at 5 eV. 
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Figure 4. Perspective plots of am rphous film of pure carbon gro vin top of di 
mond substrate. Left shows atoms and bonds, right shows bonds only. The 8x8 dia- 
mond substrate is seen on the bottom. Carbon atoms incident at energy 50 eV. Note 
the higher density of the film still predominently sp2 bonding. There are no extended 
graphitic structures at the surface. Density higher than at 20 eV. 
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Figure 5. Density plots for an amorphous film of pure carbon deposited at 5 eV and 
shown in Figure 2. Note that most of the C atoms in the grown film are sp2 hybridized. 
The sp3 density dfops off roughly monotonically. The sp' density is approximately 
constant across the film. 
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Figure 6. Density plots for an amorphous film of pure carbon deposited at 20 eV and 
shown in Figure 3. Note that most of the C atoms in the g r o w  film are sp3 hybridized. 
The sp2 density is approximately constant across the film with a peak at the growing 
surface. The sp' density follows the spz density but at a lower value. 


