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Growth of amorphous carbon: Low-energy molecular dynamics simulation
of atomic bombardment
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The growth of amorphous carbon thin film o #L1] diamond surface has been studied by a tight-binding
molecular dynamics technique. Six different three-dimensional networks were constructed with periodic
boundary conditions in two dimensions. Time-dependent nonequilibrium growth was simulated and densities,
radial distribution functions, coordination numbers, bond angle distributions, and ring statistics were analyzed.
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At the early stage of the structure investigations the amorplasma, causing an extreme increase of initial kinetic energy
phous carbong-C) was studied by diffraction techniqu&®  (usually around 300-500 eV from 5—10 eVowever, there
The first experiment was carried out by a Japanese group aare some neutral atoms that mainly contribute to the surface
an evaporate@-C sample using electron diffractidriThey ~ growth because their kinetic energl—10 eV} is too low to
proposed a microcrystalline model afC structure, consist- penetrate under the surface. The aim of this Brief Report is to
ing of graphitelike and diamondlike regions. A diffraction describe in detail the low enerd#—5 e\) bombardment of
study of a small volume o&-C material, which sample was the target surface. In this case the occurrence of processes
prepared by a filtered vacuum-arc method, measured nearfji) and(iii) is highly negligible.

100% of thesp® atomic configuratiorf. Another neutron dif- Molecular dynamics simulations were carried out to study
fraction study was employed on an anomalauS sample in  the dynamics of the growth process. The tight-binding
order to decide whether the structure has temperature depeHamiltonian of Xu, Wang, Chan, and Mowas used to cal-
dence or not. The sample contained mostiyp? atomic ar-  culate interatomic potential between carbon atoms. This re-
rangements. alistic TB potential has already been used for preparation of

There is no experimental method for the determination oamorphous carbdfiand successfully applied for preparation
microscopic structures in three dimensions. Efforts to deopf fullerenest®
velop simulation techniques for analyzing atomic scale struc-  Qur simulation technique was the following. An ideal dia-
tures are therefore continuglly bejng made. Monte'CarIo an¢hond film consisting of 120 atoms was employed to model
molecular dynamic¢MD) simulations need potentials that {he sybstrate. The rectangular simulation cell was open along
are _often d|ff|c1_JIt to de_rlve yet are esser_mal to simulationspq positivez axis ([111] direction in our caseand periodic
Basically two different interatomic potentials are usually ap'boundary conditions were usedrandy directions. Atoms

plied. The first set contains classical empirical potentlalsin the bottom substrate layer were fixed at their ideal lattice

Although simulations baseq on these potent[als achieved r%’ositions whereas the rest of the 96 atoms in the uppermost
markable success!® extension of the simulation method to ’ . ;
substrate layers were allowed to move with full dynamics.

quantum mechanics is important, Structural simulations WeTo simulate the constant substrate temperature the kinetic

carried out usingb initio or modified Car-Parinello density .
functional theory(DFT) method fora-C 11-13An alternative energy of the moveable atoms in the substrate were rescaled

possibility is to find tight-binding TB) models that could be 1" €Very time step. The ve_locny_ Verlet algorithm was used to
applied to larger system@ few hundred atomsand could d_etermme the phase trajectories of the carbon atoms. The
be less time consuming than DFT. In the last decade appliime step was chosen to be equal to 0.5 fs.
cations of different TB potentials were widespread in the Before starting the deposition process the substrate was
MD study of covalent systemé-1’ kept at a given temperature for 0.5 ps in order to make struc-
In the experiments amorphous carbon films are usualljural relaxation. The neutral bombarding atoms were ran-
prepared by evaporation growth techniques. During thélomly placed inx andy directions above the substrate as
evaporation, carbon atoms directed towards the target. Mear as possible, but not closer to any other atom than the
they reach the surface they couid scatter backwardsji) cutoff distance of the potential. The initial velocities of bom-
penetrate under the surface atomdi) start collision- barding atoms were directed to the substrate. There is no
cascade, ofiv) chemically bond on the surface producing thermal equilibrium so initial velocities were chosen using
the growth of amorphous carbon. The processes mentiondgtie v =[ (2Epean/M) (1.2— 0.4p) ¥ simple relation, where
[(i)=(iv)] mainly depend on the conditions of the environ-is a uniformly distributed random number between 0 and 1.
ment. The most important parameters are substrate temperirections were determined by=120°+px60° and ¢
ture Tg,, and the kinetic energielS ¢, Of bombarding car- =pXx360°, whered and ¢ are the polar angles angl is
bon atoms. The diamondlike amorphous carbon is usuallpgain a random number. The frequency of the atomic injec-
prepared at low pressure (19 mbar), with the substrate tion wasf=1/125 fs'! on average. This flux is orders of
temperature lower than 100 °C. In the experiments, negativenagnitude greater than the deposition rate usually applied in
bias is usually applied to accelerate the carbon ions from theeal experiments. We found however, that even at such a
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high flux the overheating effect of the surfa¢see, e.g.,
Kaukonen and Nieminéh can be negligible and the low-
energy evaporation can be modeled. The lower substrate
temperatures applied in our simulations result in faster en-
ergy dissipation, which compensates for the high deposition
rate.

Six different structures were made: models constructed
simulating 25 ps and 40 p&lenoted byl ) injection times
and with average kinetic enerdy,e,,=1 €V and 5 eV at
Tsu=100 K substrate temperatureel(T100, e5T100,
elT100L, ande5T100L) and two other models by 25 ps
injection, Epeani=1 and 5 eV energy with substrate tempera-
ture of 300 K €1T300,e5T300). In all cases the structures
were relaxed for 5 ps after the deposition. During this period
the substrate was kept at a constant temperature while the
deposited networks were cooling down. The temperature
versus time relation of this non-equilibrium process is a near-
exponential function. The best fit was done according to
Tam(t) =c+exp@t+b) K. The constantc=150 K was
chosen rather than 100 K, which has a false asymptotic be-
havior, but it gave better fitanomalous relaxatign Fitting
parameters for the elT100L model are a=
—0.000935 fs* and b=6.86 andc=150 K. The relax- FIG. 1. A snapshot of the5T100L model is shown after
ation time is7~1 ps. The final structures of larger models growth and relaxation. The substrateen circles at the bottonat
(e1T100. ande5T100L) made by different bombarding en- T_ =100 K remained similar to the crystal lattice during growth.
ergies consist of almost the same number of atGh#¥ and  Black and gray atoms are fourfold and threefold coordinated, re-
172, with thickness of 12.65 A and 10.98 A. Models spectively. The rest of the open circles correspond to twofold- and
elT100, e5T100, e1T300, ande5T300 have 126—129 at- one onefold-coordinated atoms. For a color version see http:/
oms. Typical central processing uf@PU) times of simula-  www.phy.bme.hut kohary/aCfigures.html.
tions are about 50—70 days on DEC-Alpha workstations. A
snapshot of a film&5T100L) is shown in Fig. 1 after relax- Wwhere time averagéd;) of bondd; is used instead ofl;(T
ation. The substrate af¢,;=100 K remained similar to =0).
crystal lattice, while atoms left their position and the topo- As expectedrrg‘ (and cr‘(f)‘) versus time functions have an
logical order became broken during growth &t,, exponential decay as shown in Fig. 2. At the beginning of
=300 K. relaxation, when the temperature of the film is about 1000 K,

The time dependence of bond length and bond angle dehe thermal part of the fluctuation is importani otbh,

viations were also investigated. In crystals, bond lengths ang@)mag)_ At the end it plays only a minor roleaq,>a})h,

bond angles have only thermal disorder components. Non- th th th .
crystalline materials have an additional broadening contribu®> 6)- Theay (andog) values as a function of tempera-

tion to the bond length and bond angle distribution resultingture. shov_v linear reIat|o_nsh|ps, as dlsp.la_yed in Fig. 3. The
straight line does not intersect the origin because usually

from static disorder. First we calculated the standard devia—d Zd(T=0
tions o (t,) at discreet, in the following way: (dj)#di(T=0).
0.08 T T T T T T T T T
N 2
N >, dilty) 007 T
1 i=1

oto= NV g2 | dit-—5—/ o ]
B oos - ]

whereN is the number of bonds and](t,) is theith bond
distance. Values in the range 0.095<Ar,<0.11 A were 004 - T
obtained for bond length deviation§he indexb is for bond
length) Similar calculations for bond angle deviations pro-
vided o¢(t,) within an interval of 11.7°-12.8°. The contri- 00— —
bution to standard deviation of thermal fluctuation was also t[fs]

studied as a function of time using the following term:

0.03

FIG. 2. As shown, expected}' vs time functions have an ex-
1 N ponential decay. At the beginning of relaxation when the tempera-
O'th(tk) = \/N E [di(ty) _<di>]21 .ture of the fllm is about 1009 K the thermal p.art of the fluctuation is
i important while at the end it plays only a minor role.
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FIG. 3. o' in function of temperature shows a linear relation-
ship. The straight line does not intersect the origin because usually FIG. 4. Density profiles of two growth films1T100 (solid
(d;)#d;(T=0). line) and e1T300 (dotted ling, are displayed perpendicular to the

substrate surface. Arrows represent the layer positions in a perfect
diamond crystal. The difference in temperature between the two

For density calculations, two different volumes were de- :
substrates causes a difference between memory effects.

fined: we will refer to them as cells for the total sample and
for the bulk. The bottom of the cells were 0.77 A lower than gecreased the local density. At,,=300 K the structures
the bottom carbon atom in the amorphous network. This igye |ess dense (2.0-2.3 g/dm
almost at half bond distance between the upper substrate at- |n Fig. 4 density profiles of two networke{T100 and
oms and the bottom carbon atoms in the film. The top of the;1 7300) are displayed perpendicular to the substrate sur-
cells were determined differently. For the total sample th&ace. The arrows represent the layer positions of a perfect
top of the cell was the highestcoordinate that occurs for - diamond crystal. The difference in temperature between two
atoms in the network. For the buikcoordinate was less by gypstrates causes differences between memory effects. The
3 A Thex andy size of the cell was determined according strycture on the surface at 100 K has a more pronounced
to two-dimensional periodic boundary conditions. Table l|ayering effect than the other network on substrate at room
contains the densities of different models. Each row is ditemperature. In the first 3—4 A thick layers over {id.1]
vided into two further rows. The upper rows constantly refergrface thesp® content is high due to the memory effect. In
to the bulk and the lower rows refer to the total sample. FOkne rest of the bulk thep? content is dominant.
bulk models the densities are always larger than for the total The 1o radial distribution functiongefore and after re-
sample. AtTg,,=100 K bulk densities are between 2.7 and |axation) of any model are very similar, although peaks in
3.0 g/cn? except modelelT100L, where the density is the final structure seem to be a bit narrower and in the inter-
equal to 2.4 g/crh The reason for this lower density is that v of 1.6-2.2 A there are less bond lengths after relaxation.
a void appeared at the top of the network, which drasticaliyjn Fig. 5 partial distribution functiong; ; of modelel1T100
can be seen, wheigandj denote the coordination numbers

TABLE I. It contains the number of atorfido. C), the percent-  of the connected atoms. The average first-neighbor distances
age of atoms with different coordination numbe (the average are 1.43 A, 1.52 A, and 1.59 A fa¥s3, Js4, andJ,y,,
coordination numbefZ), the heightzy, and the density. The two  respectively.
rows belong to bulktop) and to the totallower) sample, respec-

tively. For bulk models the densities are always larger than for the o Pall’tlal dlsmbl}tlon funCthP IIIIIIIII
total sample. cC
70
Model No.C Z=2 Z=3 Z=4 (Z) z4(A) p (g/cn?) 60 |
elT100 113 09 593 398 34 65 3.0 0T
129 7.0 56.6 349 32 95 2.3 ;"‘/40 B
e5T100 124 48 581 371 33 7.7 27 30|
129 7.0 558 357 33 107 2.0 a0k
e1T300 121 58 719 215 31 98 2.0
130 7.7 708 200 31 128 16 or
e5T300 92 0.0 685 315 33 6.3 2.3 0 ] 2 25 3
126 111 643 246 31 93 21 [A]
elTio0L 160 5.0 650 30.0 3.2 110 24
177 90 621 271 31 14.0 2.1 FIG. 5. Partial distribution functiong; ; can be seen wheiig]
e5T100L 151 20 556 424 34 94 27 note the coordination numbers of the connected atamg, Js 4,
172 47 564 384 33 124 23 andJ, 4 peaks are shown. The average bond distances are 1.43 A,

1.52 A, and 1.59 A, respectively.
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For bond counting we used a value of 1.85 A as an uppeg,.,.=1 eV atT,;=100 K substrate temperature but there
limit of bond length inside the first coordination shell. was no threefold ring in our simulation. In the graphitic and
Table | shows the percentage of different coordinationsdiamond network, sixfold, eightfold, etc., coordinations are
There is no five- or sixfold atom. More than half of the atomspresent. In our models even-numbered as well as odd-
have thesp? bonding configuration in the models, as shownmembered rings can be found. It seems clear that lower beam
in Table I. The average coordination numbers in the bulkenergy shows less 4-7-membered rings than higher bom-
were slightly over the graphite coordination. The dominatingbarding energy.
part of fourfold-coordinated atoms is near the substrate and In summary, low-energy molecular dynamics simulations
the contribution to twofold-coordinated atoms is due to theof atomic beam growth on a diamorjd11] surface were
atoms at the top of the amorphous netw(ske Fig. 1 The carrled out using two different average carbon beam ener-
e5T100L model contains a onefold-coordinated carbon atorP!€S:Epeani=1 and 5 eV and two different substrate tempera-
at the end of a chain. When comparing the average coordf"eS: Tsup=100 and 300 K. Six networks were prepared by

nation numbers it is evident that there are no drastic differ&0m deposition with periodic boundary conditions in two

ences among the models simulated. An MD simulation of\jv'ggnsc')ﬂ?sagéd gl],ﬁ ;rgs\fva{sm?:rggggtrsjrcﬁgra; Spcéglzn;ent%rrs
Kaukonen and Nieminehusing the classical empirical po- P : 9

. i hous carbon models of over 100 atoms by using quantum-
ter.mal _Of T3ersqff,. shows that the same portiorsgf but the ﬁwechanical treatment. The atomic interact)i/ons v%e?e calcu-
sp:sp’:sp’ ratio is slightly dn‘fer.ent a.fl'subz_SOO K. A.t the lated by a well-tested tight-binding potential. The growing
Epear=1 eV beam.en.er.gy 5‘8'71'9'21'5.'5 thg ratio in theprocess was described as in real experiments without any
e1T300 model, .Wh|le it is 19.0:73.2:6.7 in their case. Ourartificial model of energy dissipatiot?® however, the depo-
sample has a higher portion of diamondlike atoms and les

fold di d carb h diti Sition rate was much higher than is usually applied in experi-
twofold-coordinated carbon atoms at the same conditions. ments. Other studies on the growth process use similar rates.

Angles can be analyzed in detail according to the coordip, the nasis of our time-dependent investigation we expect

nation numbers of the neighbors ands the centem.,  yhat mych lower deposit rates do not cause a significant dif-
C3-C4-C3, C4-C4-C4, etc. Atoms withsp” local arrange-  erence in our models. The influence of our lower substrate

ments have nearly the same average values in the C3-C4- mperature is that the energy dissipation is faster and this
C3-C4-C4, and C4-C4-C4 cases, which are around the tetrjightiy compensates for the high deposition rate. Unfortu-
hedral angle. Clear differences are observedsfgrconfigu- nately, it is clear that real experimental rates cannot be

rations. C4-C3-C4 angles have much less average valugssiemented for computer simulation in the near future.
than the others. The latter average bond angles are close to

120°. It means that threefold-coordinated central atoms with This work has been supported by the Fund OT{Gxant
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