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Molecular dynamics simulation of the growth of thin films by deposition of carbon atoms
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The impact of C atoms andggmolecules with ideal diamond and silicéh00) substrates and the subse-
quent growth of carbon films have been investigated by molecular dynamics simulations. The interatomic
many-body potential proposed by Tersoff has been used. The structural and vibrational properties of the
as-grown and annealed films are studied as a function of the deposition éimetigg range 1-150 eV for C
atoms and 1-1000 eV forggmolecule$ and are compared with experimental results. Analysis of films grown
from Cgg molecules reveals a behavior with deposition energy similar to that experimentally observed. For low
deposition energieghelow 100 eV fullerene cages preserve their identity, constructing low-density structures
with large intermolecular holes and practically no interface with the substrate. For higher deposition energies
the molecules are broken into pieces, giving as a result high-density amorphous carbon films. Although the
penetration depth of molecular fragments into the substrate increases with deposition energy, the resulting
interface is considerably thinner than in the case of using individual atoms as projectiles. This is in agreement
with experimental evidence of a poor adherence of fims obtained by acceleragjfigio@is on silicon

substrates.
DOI: 10.1103/PhysRevB.71.115431 PACS nunt®er61.48:+c, 68.60.Dv, 61.43.Bn
[. INTRODUCTION tures, inducing amorphization or polymerization in micro-

scopic dimensiongHowever, it is not possible to grow films

The growth of amorphous carbon films has been the sulby a high-pressure—high-temperature method; therefore this
ject of numerous studies, due to the interesting physicalechnique was replaced by the dynamic process of deposition
properties of these materials. In the last two decades thersf fullerenes at different energies.
has been a lot of experimental work in this field using a |n recent years a number of molecular dynamics calcula-
variety of methods: chemical vapor depositforf, and dc  tions have been performed to simulate the growth of amor-
plasma depositiof the laser plasma source methbeput-  phous carbon films by deposition of single carbon atoms on
tering technique$,ion-beam depositiod etc. Depending on  diamond and silicon substrat&s2 Physical propertiesuch
methods, precursors, substrates, and experimental conditiongs density, atomic coordination, ring statistical analysis) etc.
a great variety of carbon-based materials can be obtainedf the resulting films have been studied as a function of the
such as microcrystalline diamond, diamondlike carbondeposition energy of the projectiles. On the other hand the
(DLC) films, amorphous carbon filmg¢a-C), hydrogen- impact of one fullerene molecule with graphifei
containing amorphous carbon fila-C:H), etc. In contrast  diamond!®'6 and silicon substratéshas also been studied
to microcrystalline diamond, where all carbon atoms areby molecular dynamics, and structural changes of the projec-
four-coordinatedsp® bonded, in DLC anda-C films there tile and the substrate have been analyzed as a function of the
are mixtures of threetsp? bonded and four-coordinated at- deposition energy. To our knowledge, calculations simulating
oms with differentsp? to sp® ratios. A number of physical the growth of carbon films by the successive deposition of
and technological interesting properties such as vibrationaénergetic fullerene molecules have not been reported.
spectra, density, hardness, wear resistance, electrical resistiv- In this paper we present a molecular dynamics simulation
ity, etc., can be related to this ratio. of the impact of C atoms andggmolecules with ideal dia-

Recently, an additional precursor has been added to th@ond and silico(100) substrates and the subsequent growth
previously used onegraphite, hydrocarbon gases, gtce-  of carbon films. Our aim is to achieve a better understanding
search is starting on the growth of carbon films from theof the deposition process on an atomic scale, and to study the
deposition of ionized &, fullerene molecule&” This experi-  structural and vibrational properties of the resulting films as
mental work was motivated by the hard carbon structures function of the deposition energy in order to compare with
prepared from fullerenes under high pressures and temperaur experimental results.
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. COMPUTATIONAL MODEL 18+ —e— C on diamond o
In order to describe the interaction between C atoms anc 18] —4—C on silicon O
Cgo molecules with silicon and diamond substrates, we em- 14+ —o— C on silicon (SRIM) /o/o/
ployed the semiempirical many-body Tersoff potentfal, ‘< 45] e
using the parameters given in the literature for the C-C, £ 10.] o/—°/
C-Si, and Si-Si interactions. These parameters were ob 3 o
tained from a fit to the cohesive energy, lattice constant, anc g & o ° .
bulk modulus of diamond and silicon and are known to pro- § 6 /0/ /
vide a good description of carbon polytypes including @ 44 O/A.//‘
fullerene structures and polymerized fulleret&$herefore, S ] °M . .
it also seems adequate to describe disordered carbon film: o] « /./
where the carbon atoms are in different bonding environ- e @ @
ments. 0 20 40 60 80 100 120 140 160
The inelastic processes due to electronic excitations are Deposition Energy (eV)

not important in the energy range studied and the electronic
stopping power is neglected. We also focus on neutral atoms FIG. 1. Calculated mean penetration depth of individual C at-
and fullerene molecules because the true charge state is ifiis on diamond and silicofL00 substrates as a function of the
portant only for the first few collisions. deposition energy. Results of tkeim code(version 2003.26for C
The evolution of the system was followed using Verlet's aloms on a silicon substrate are also shown.
molecular dynamics algorithm. The time interval of the mo-
lecular dynamics stepsAt, was chosen in the range composition, etc. On the other hand, velocity autocorrelation
0.5-0.1 fs in order to ensure atomic displacements smalléunctions were obtained by averaging over ten time origins,
than 0.01 A in the relaxed system after the projectile hagaken at intervals of 5000 fs, to study the vibrational proper-
been incorporated, in the full energy range studied. ties of the systems. Thermal annealiiag temperatures rang-
As projectiles we used single carbon atoms aggi@ol-  ing between 900 and 2200) Kvas performed on some of the
ecules impinging perpendicularly to the substrate surface atsamples in order to study structural and vibrational changes.
random location with deposition energies in the range
1-150 eV for sing_le C atoms and 1-1000 eV for fullerenes. Il. RESULTS
In the last case this energy refers to the translational kinetic
energy of whole molecules generated with random orienta-  A. Deposition of individual carbon atoms on silicon
tions and vibrating with atomic velocities corresponding to a and diamond substrates

temperature of 300 K. . . N The atoms were thrown perpendicularly to the substrate

As substrates we employed ideal diamond and silicorsyrface at a random location and followed during 2500 fs.
(100 crystals consisting of a number of atomic layers de-Figyre 1 shows statistical results for the penetration depth in
pending on the expected penetration depth of the projectile§imulations of the deposition of one carbon atom on both
for each deposition energy, as will be seen later. In all casegypstrates as a function of the deposition enéigy,). It can
the two bottom layers are fixed to their equilibrium positionspe seen that the mean penetration depth increases proportion-
representing a semi-infinite crystal. The remaining layers argjly to the deposition velocity. The mean penetration into
allowed to move with full dynamics, applying periodic gjlicon is of about 7 A for 100 eV, but some atoms may
boundary conditions in the layer(sy) plane. penetrate up to 15 A, giving a lower limit to the number of

Before deposition the substrates were allowed to relax ahtomic layers that are needed to grow a film with deposition
T=300 K andP=0 for about 1000 fs. Individual C atoms energy lower than 100 eV. For the sake of comparison, the
and G molecules were deposited at time intervals of 250penetration of a carbon-ion beam of different energies at nor-
and 5000 fs, respectively, in order to ensure that each proje¢nal incidence into a 1@m silicon layer (density
tile has enough time to dissipate its energy to the substratg 3212 g cmd), calculated using thesriM code version
before the next one hits the surface. During the depositior»003.26, is also shown in Fig. 1. The deposition of individual
we applied the method of Berendsenal*® to simulate the ¢ atoms on diamond shows a similar behavior, but in this
cooling of the system, using a thermal relaxation constangase the penetration depth is lower, allowing higher deposi-
7=50At, scaling velocities at intervals ofM. In order to  tjon energies with a similar number of layers in the substrate.
allow complete energy transfer from the projectile to the sub+or 100 eV we found a mean penetration depth of about 2 A
strate, the last ten single C atoms or the lag§ @olecule  jith some atoms penetrating up to 5 A.
were not included in the thermalization procés$his depo-
sition procedure is analogous to that employed by Kaukonen
and Nieminef for the growth of diamondlike films by ener-
getic carbon-atom beams.

After growth, the samples were allowed to relax during As in the case of single C atoms, vibratings@olecules
about 10 fs, previous to performing structural and dynami- were thrown perpendicularly to the surface, at random loca-
cal studies. Structural characterization included pair radiation with energies ranging between 1 and 1000 eV. The sys-
and angular distribution functions, density profiles, bondingtem is followed by molecular dynamics during about 3000 fs

B. Deposition of individual Cgy molecules on silicon
and diamond substrates
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100 eV

FIG. 3. Snapshots of g molecules thrown at different energies
on diamond(111) substrates after relaxation of the system.

(b) preciably higher than experimental ones: 1568, 2474, and

; 1928 cm? for diamond, graphite, and theggmolecule, re-
spectively, while experimental values are 1333, 1585, and
1573 cm?. Figure 4 shows results for some deposition ener-
gies over silicon substrates. It can be seen that at low ener-
gies the vibrational spectra show well-defined peaks that re-
semble those of free &g molecules; in the high-energy
regime the peak structure disappears giving rise to a broad
band as could be expected from an amorphous carbon sys-
tem.

300 eV 1000 eV C. Film growth from single carbon atoms

FIG. 2. Snapshots of g molecules thrown at different energies ~ Based on the results of penetration depth for individual
on (a) silicon (100 substrates andb) diamond (100 substrates, carbon atoms, we have worked with diamond substrates con-
after relaxation of the system. sisting of 12 layers, each one containing 50 atoms, and sili-

con substrates of 16 layers containing 32 atoms. A total of
until equilibrium is reached. Then, we can distinguish threeabout 1000 atoms were deposited for each energy studied.
energy regimes(i) at low energiegunder 10 eV the mol- Figure 5 shows films grown at 1, 10, and 40 eV on silicon
ecules either bounce away or remain weakly bonded to theubstrates. An increment of the film density and of the inter-
substrate with little distortion of the molecular geometii,  face region with deposition energy can be appreciated: while
at intermediate energie@ip to 100 eV for diamond and at 1 eV there is a well-defined substrate-film frontier, at
300 eV for silicon molecules form progressively more 40 eV numerous carbon atoms have penetrated into the sub-
bonds with the substrate and suffer an increasing distortioftrate, breaking the crystalline order and ejecting silicon at-
of the fullerene cage with the deposition energyi) at  oms to the film. On diamond substrates there is less interpen-
higher energies molecules are fragmented into pieces of

varying number of atoms, some of which form bonds with
the substrate, while others bounce away, and the rest, mainly 1000 eV
monatomic or diatomic fragments, can penetrate into the

substrate. In the last case the penetration is definitely smaller
than that for single-atom projectiles. Some of these simula-
tions are illustrated in Figs.(8) and 2b). Tight binding mo-
lecular dynamic® yields similar results on diamond: frag-
mentation of the fullerene cage occurs for energies greater
than about 200 eV and, even at high energies, the substrate
remains little distorted after the collision. In order to inves-
tigate if these results depend on the substrate’s orientation,
we have deposited g molecules on a diamon@l1l) sur-
face. Figure 3 shows that the threshold energy for fragmen-
tation of fullerenes is significantly lower on this surface: for
a deposition energy of 100 eV the fullerene cage is just bro-
ken.

The aforementioned structural changes are also partially 10 eV
reflected in dynamical properties as the vibrational density of . - - .
states calculated via the Fourier transform of the autocorre- 0 1000 2000 3000 4000
lation velocity function. It is worthwhile to point out that we Frequency (cm™)
only intend a qualitative description of vibrational spectra. It
has been showf that the upper frequencies for known car-  FIG. 4. Vibrational density of states for aggmolecule thrown
bon structures, calculated using the Tersoff potential, are an a silicon substrate at different energies.

Intensity (arb. units)
=
o
(1]
<
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FIG. 5. Films grown by throwing individual C atoms on silicon 1 10 100 1000
(100 substrates. In all cases the substrates initially consisted of 1€ Energy (eV)

layers each one containing 32 atoms.
FIG. 7. Relative density of films grown by throwing individual

etration between the substrate and the incident atoms for %{irbon atoms on diamond and silictt00) substrates.

given energy. Deposits performed between 1 and 150 eV ) _
show results similar to those obtained by Kaukonen andludlitative agreement with experimental Auger electron
Nieminen!3 spectroscopy depth profile resuttsfigure 7 summarizes
Figure 6 shows the density profiles for two of the films density results for films grown on diamond and silicon sub-
illustrated in Fig. 5; mean densities were calculated by slidStrates and compares them with experimental results on
ing a slice in thez direction in small increments across the Silicon®* These results agree with the ones found by Jager
sample, discriminating atomic species. This description al&nd _co-workeré?ﬂ _
lows us to quantify the previous observations about the den- Films grown on diamond substrates were thermally an-
sity of the films and the thickness of the Si-C interface. It isn€aled up to 2200 K, with temperature steps of 200 K. An-
clearly seen that there is an increment in film density of?€aling below 1000 K does not have any significant effect on
about 30% and that the thickness of the interface grows frorf€ atomic coordination of the films. Between 1000 and
about 5 to 25 A for films grown at 1 and 40 eV, respectively,1600 K there is a remarkable growth of the number of three-

The silicon content decreases linearly across the interface, ffPordinated atoms at the expense of the number of four-
coordinated atoms. This conversion process seems to saturate

0.14 - at 1600 K. These results are in qualitative agreement with
1 total 1eV experimentally observed graphitization of the samples upon
0-127 A C © annealing. A typical annealing procedure is illustrated in Fig.
0.101 o Si 8 for the sample grown at 40 eV. Figuréa8 shows three
0.08 1 snapshots of a film grown on a diamond substrate and ther-

mally annealed at 1400 and 2200 K; it shows $pé to sp?
bonding conversion in the film, while the substrate remains
unaltered. Figure ®) is an example of the temperature ramp
used in the annealing procedures and Figum Shows the
increasing conversion frosp® to sp? bonding as the anneal-
ing temperature rises up to about 1400 K; annealing at

0 5 10 15 20 25 30 35 40 45 50 higher temperatures yields similar results. Figure 9 shows the

density profile angp’-sp® content of the same as-grown and

annealed film at 2200 K. It can be seen that the bonding
40 eV conversion is nearly uniform all across the film.

Density (atoms/A®)

D. Film growth from C g molecules

Films were grown on silicor{100) substrates consisting
of eight layers, each one containing 50 atoms. A total of
about 30 molecules were deposited for each energy studied.
Figure 10 shows films grown between 20 and 1000 eV on
————————————T——T—T silicon substrates. Samples grown at 20 eV exhibit little dis-
O 5 10 15 20 25 30 35 40 45 30 tortion of the fullerene cages with large intermolecular holes,
z (A) yielding very low-density films. At 100 eV the fullerene
molecules still preserve their identity, but the density of the
FIG. 6. Density profiles of two of the films shown in Fig. 5. film increases and the substrate is slightly distorted. For
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OoC sp® ®C sp?

FIG. 8. (a) Snapshots of a film
grown by throwing individual car-
bon atoms on a diamondl00)
substrate at 40 eV and annealed at
1400 and 2200 K(b) Example of
the temperature ramp for the an-
nealing treatment given to the
sample grown on a diamor(d00)

(b) (c) 80 substrate at 40 eV. All the ramps
1600+ RRERIAS vv;vgiivvvﬁv were identical to the one shown
' 601 ks éieéﬁééﬁzieceﬁuang:gééz for the annealing at 1400 K(c)
" 4. AG?VZJ o * o Conversion fromsp® to sp? bond-
12004 b - ing of the deposited carbon atoms
< t 204 7 —_ 9'(_)_q_K in the film as a function of the an-
~ ® 1200 K nealing temperature.
. 04 O 1400 K
800 - A 1600K
| 204 v 2200 K
™ @ L
%-40- A < 'E . .
. o] i P hiltedighaidie
- #Vy 0O - vvv7 v Vvvvv
, . . ’ , 80k ! : : ,
0 1x10*  2x10°  3x10*  4x10* 0 1x10*  2x10*  3x10*  4x10*
t(fs) t (fs)

300 eV and higher deposition energies the molecules are ne0 eV up to about 500 eV, the density of the films grows; for
longer recognizable; they have been fragmented, formingleposition energies greater than 300 eV the resulting films
high-density films. The film density and distortion of the are denser than the the three-dimensional polymerized fuller-
substrate increase with the deposition energy. It can be sedte, about 75% of the diamond densifyWe have not ob-
that even for high deposition energies, the interpenetratioserved a maximum in the density vs energy curve, as was
between carbon atoms arising fromyQisintegration and observed for the deposition of individual atoms on diamond
the silicon substrate is considerably smaller than in the casérig. 7). The sp? to sp’ ratio falls abruptly with increasing
of using individual atoms as projectiles with the same energyleposition energy up to 300 eV. For higher energies this ra-
per atom. This is in agreement with experimental evidence ofio becomes nearly 1. This behavior is experimentally ob-
a poor adherence of films obtained by acceleratigg @ns  served for energies larger than 200 eV; but calculatgdo
on silicon substrateSIn order to compare with films grown Sp° ratio are greater than the experimental oh&imilar
from individual atoms, it is worthwhile to have in mind that results have been previously reporfet:the Tersoff poten-
in the present case the deposition energy refers to wholtial underestimates thep® fraction in amorphous carbon
molecules; i.e., the translational kinetic energy of each atorfilms.
is 60 times smaller than that of the projectile. Pair radial distribution functiongcc(r) were calculated in
Mean densities across the films were calculated as desuch a way thafggcc(r)47-rr2dr is the mean number of car-
scribed previously. Figure 11 shows density & to sp>  bon atoms inside a sphere of radiBscentered at a carbon
ratio vs deposition energy curves. It can be seen that foatom. In addition, angular distribution functions, with verti-
deposition energies up to 50 eV the density of the films isces on C and Si atoms, were calculated and compared with
low, even lower than that of the van der Waalg @olecular  those corresponding to undistorted fullerene molecules in or-
crystal, due to the fact that the fullerene cages preserve theifer to analyze the degree of molecular distortion and/or frag-
identity, forming a porous structure with big intermolecular mentation. Figure 12 shows the radial distribution function
holes; carbon atoms in the films are mainly three-for films grown between 10 and 1000 eV. At low energies,
coordinated, as they are in the individual molecules. Fronge(r) exhibits the peaks belonging to individuakfnol-
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FIG. 9. Density profile discriminatingp?- andsp*-bonded car-
bon atoms for(a) the as-grown andb) the 2200 K annealed film,
grown at 40 eV on a silicofl100) substrate.

1000 eV

ecules; as the deposition energy increases there is a progres-
sive broadening of the peaks until they practically disappea
leaving only the one corresponding to first neighbors. It ca
be seen that the intensity of the peak at 2.1 A increases wi
the deposition energy from about 100 eV; this peak has been o )

reported as a little shoulder by Kaukonen and Niemfreerd ~ for pristine Gso and low-energy-deposited molecules; for
more extensively analyzed by Pahall® The appearance of higher energies th|s structure is Iost_, giving rise to a broad
a peak at 2.1 A'is an artifact of the potential: this is exactlyp@nd with a continuum of frequencies that cannot be ob-
the cutoff radius given by Tersoff's parameters. In fact, Wefserved in the case of isolated deposition moleculesz suggest-
have found that the peak position changes with the cutoff?d that the fullerene cages are broken upon deposition, giv-
radius. In the present case this peak is evident at high dendPd rise to an amorphous material. Experimentally observed
ties when there is a considerable number of carbon atom@@man spectra exhibit analogous changes for energies higher
that do not have fivefold coordination. than about 300 eV.

The angular distribution functions are shown in Fig. 13;
they were calculated taking angles with vertices at C and at
Si atoms; in the former case we distinguish three- and four-
coordinated C atoms. At low energies the great majority of C The penetration depth of carbon atoms into the substrate
atoms are three-coordinated with bonding angles corresponds considerably higher for silicon than for diamond sub-
ing to the pentagondll089 and hexagonal120° faces of strates, as could be expected since diamond is denser than
Cgomolecules. As the energy increases the peaks are broadsilicon. Similar results are found withggmolecules as pro-
the 108° peak disappears denoting the fragmentation of thiectiles, but in this case, we can distinguish two different
fullerene cages, and four-coordinated C atoms begin to apeffects: at low energie@ip to about 300 e)deformation of
pear as vertices of angles, giving rise to a new broad peathe fullerene cage is greater on diamond than on silicon sub-
centered at about the tetrahedral angle at 109°. strates; however, as deposition energy increases, fragmenta-

Figure 14 shows calculated vibrational spectra for filmstion of Csy molecules takes place at lower energies on sili-
grown at several energies, together with that of pristigg C con, allowing the penetration of carbon atoms into the
Frequencies higher than 2000 thtould be partially attrib-  substrate. We also found that the threshold energy for defor-
uted to the aforementioned failures of the Tersoff potentiamation and fragmentation ofggprojectiles is dependent on
together with anharmonic effects. As was observed for indithe substrate’s orientation. In all simulated cases usigg C
vidual G, projectiles, we find that for energies up to aboutmolecules as projectiles, there is a low penetration depth of
200 eV the peak structure remains similar to that observedarbon atoms into the substrate, which could be responsible

; FIG. 10. Films grown by throwing g molecules on a silicon
(100 substrate. In all cases the substrate consisted initially of eight
R?yers, each one containing 50 atoms.

IV. CONCLUSIONS
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FIG. 11. (a) Relative density an¢b) sp? to sp’ ratio, as a func- ooo‘ocobud oo! 0,0\ .b\.
tion of the deposition energy for films grown by throwingy@nol- o OUOBOOO .9' °°\o°
ecules on silicor{100 substrates. Irfa) the density of the van der oo™ o 00, L ocp%i
Waals G crystal and of the three-dimensional fullerite polymer are
also shown for comparison. 80 100 120 140
Bond Angle (0)

FIG. 13. Angular distribution functions calculated taking angles
with vertices atsp? C atoms(filled circles, sp® C atoms(open
circles, and silicon atomgline) for films grown from Gg mol-
ecules deposited on silicofll00) substrates afa) 10 and (b)
1000 eV.

1000 eV

1000 eV

500 eV

9cc(r)

Intensity (arb. units)
112 ]
41O J
410 J
<

10 eV
10eV '\ “ I““ ‘ pristine C_,
0 ‘; 1 OOO 2000 3000 4000
r(A) Frequency (cm™)
FIG. 12. Radial distribution functiomcc(r) for films grown FIG. 14. Vibrational density of states for films shown in Fig. 10.
from Cgg molecules deposited on silicdd00) substrates at differ- The density of states calculated with the same method fojya@h
ent energies. der Waals crystal is also shown for comparison.
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for the poor adherence experimentally observed. In conclusion, the use of g molecules as projectiles al-
The density of films grown by deposition of single carbonlows one to grow dense amorphous carbon films in a wide
atoms and fullerene molecules depends on deposition energyange of energies and it is reasonable to assume that they
In both cases the maximum density attained is about 85% akould have interesting tribological properties, based on
diamond density. In the first case there is a narrow energhardness measurements from similar films grown by other
range around 100 eV that maximizes density and then fhethods. The adherence is an experimental problem to be
slight decrease is observed for higher energies. In the case gjyed. As it was proven that the penetration depth increases
films grown from fullerene molecules, the density increasesn going from diamond to silicon substrates, and considering
with deposition energy up to about 400 eV and then remaing,e "g60d agreement between these simulations and our pre-
practically constant. vious experimental results, work is in progress to simulate

An a”?'YS'S of the structural properties of films obtamedthe growth of films on germanium substrates and to carry out
by deposition of fullerene molecules shows that molecular,

identity is preserved up to deposition energies of abou%he subsequent experimental work.
100 eV; for higher energies the films exhibit an increasing

disorder until reaching the characteristics of amorphous car-
bon films resembling those obtained from individual carbon

atoms. This is evidenced in the pair radial and angular dis- We would like to thank Dr. Rubén Weht and Dr. Hernan

tribution functions as a loss of the peaks corresponding to thBonadeo for helpful discussions, and Dr. Horacio Ceva and
fullerene molecule and the absence of long-range order. EXor. Roberto De Luca for technical assistance with the com-
perimentally observed Raman spectra of films grown fromputer system. This work was partially supported by SECyT
Cgo IOn beams lead to similar conclusions about structuralGrant PICT No. 12-06979 and CONICET Grant PIP No.

properties of the films as a function of the deposition energy02546.
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