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Impact-energy dependence of atomic mobility in diamondlike carbon film growth
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In this paper, the deposition of energetig €lusters on silicon and diamond surfaces is investigated by
molecular dynamics simulation. The impact energy ranges from 0.5 to 60 eV in order to compare with
experiments of diamondlike carba®LC) film synthesis by femtoseconds) pulsed laser deposition. The
influence of the impact energy on the deposition dynamics as well as the structure of the synthesized films is
addressed. Simulations show that at the earlier stage of the deposition, the mobility of surface atoms, especially
the recoil atoms, is enhanced at elevated incident energies, and contributes to the smooth growth of DLC films.
Our results are consistent with experimental observations.
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I. INTRODUCTION tween C-C, C-Si, and Si-Si atoms in the MD simulation. The
structure of the ¢ cluster was first simulated. The binding
There has been great interest in the field of deposition andnergy of G was calculated to be 6.017 eV, which agrees
characterization of diamondlike carb@¢BLC) films due to  well with a previous calculatiolf The silicon and diamond
their unique properties of high hardness, wear resistancgurfaces we employed were composed of 10 layers with 64
chemical inertness, and potential application as protectivatoms per layer. The bottom two layers were held fixed to
coatings: ™ The processes employed to obtain such filmssimulate a thick substrate. The velocity scaling method of
include cathodic arc, ion beam deposition, pulsed laser dep®Berendseret al'* was applied to the middle four layers in
sition (PLD), etc. A common feature of these techniques isorder to maintain a constant substrate temperature, which
that the deposition is energetic, i.e., the carbon clugers was set at 100 K. Parallel to the surface, periodic boundary
oms arrive onto the surface with energy significantly greaterconditions were applied. The incident molecule was initially
than that represented by the substrate temperature. placed at a sufficient distance above the surface where the
Recent investigation of PLD experiments showed that thénteractions between the molecule and surface atoms were
films deposited by femtoseconds) pulsed lasers have a negligible. Then, it was projected in the normal direction
higher fraction ofsp* bonds than those produced by a nano-onto the surface, which was equilibrated at a constant tem-
secondns) pulsed laser. Further investigation elucidated thaiperature. The trajectories of all atoms in the system were
the plasma plume generated by fs pulsed lasers contaiketermined by integrating the equations of motion according
mainly lower-mass carbon clustei@ and G), and has high to the leapfrog algorithm with a time step of 0.5 fs.
kinetic energy, which is favorable to DLC film growfH. First, the monoenergetic,&lusters were modeled to drop
Moreover, the structure properties of nanostructured filmsne after the other on the same Si surface to simulate the
assembled from supersonic carbon-cluster beams have begiitial fabrications of cluster assembled films. The orientation
studied? Transmission electron microscopyEM) of the as-  and impact position of Cwere chosen randomly to mimic
sembled films shows large porosity at lower incident energythe experiments. Experimentally, the deposition rate is varied
(0.1 eV/atom and the film density is increased with increas- around 167 to 10*¥/(atoms/s)/cra However, a MD simula-
ing impact energy. It is highly desired to study how the in-tion is very time consuming and cannot calculate the time
cident energy affects the structure of assembled C films. scale as in experiments. It is known that for the covalent
In this paper, the impact-induced chemisorption of smallcluster assembled films, it is difficult for diffusion to occur
carbon clusters, £ was studied by molecular dynamics during the growth process and the transient impact dynamics
(MD) simulations. The impact energy4,) ranged from 0.5 plays a leading role, especially at low temperatiifée the-
eV to 60 eV per cluster in order to compare with fs PLD andoretical deposition rate is thus arranged to be low enough to
supersonic cluster-beam-depositiqg®CBD) experiments.  warrant that the next cluster impacted after the full relaxation
The main purpose is to investigate the temporal mobility andf the former one. In our previous study, it was observed that
migration of adatoms on the surface in order to understanthe dynamic process of single-cluster deposition was almost
the incident-energy dependence of the film morphology atompleted within 1 ps when the impact energy was below

low substrate temperature. 100 eVA° Therefore, the time interval between two succes-
sive impacts was set to be from 2 to 6 ps, depending on the
Il COMPUTATIONAL MODEL impact energy of ¢ clusters. These parameters are corre-

sponding to a very high deposition rate, varying in the range
The simulation model is similar to that in Refs. 8—10. Theof 10?3~ 10*° (atoms/s)/cr, similar to that in Ref. 2. De-
semiempirical many-body Brennéno. 2 potential! and  spite this difference, the MD study does provide insight into
Tersoff potential’ were used to describe the interaction be-transient dynamic process during cluster deposfidtr.
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TABLE I. Mean density of the assembled, @lms at different
impact energy.

Impact energyeV) 0.5 2 5 15 30 60

Density* (g/cn®) 1.82 224 238 287 3.00 3.17

@The density of graphite is 2.22 g/émand the density of diamond
is 3.51 g/cm.

To explore the growth mechanism of DLC films at an
atomic scale, single Lclusters were then deposited on a .
diamond surface with defects. It was expected to elucidate ®
the dynamics of cluster deposition, since the C-C interaction
dominates the growth process of the film. The atomic mobil- FIG. 2. Atomic configurations of carbon films synthesized gf C
ity as well as the lateral migration of surface adatoms, whicltlusters(gray circleg on a Si substratéhollow circles at the im-
was strongly dependent on the impact energy, was studied Hact energy of 60 eVa) and 0.5 eV(b). Each has 735 Lclusters
statistics calculations. deposited.

calculated by cutting the nearest distance of 1.77 A, which is

Ill. RESULTS AND DISCUSSION obtained with the same statistics and exhibited in Fig. 1.

Table | shows that the higher the impact energy, the
higher the density of the deposited film. When the impact

In order to study the influence of the impact energy on theenergy of G is 2 eV, the density of the assembled film ap-
film morphology, the deposition of a monoenergeticallis-  proaches that of graphite (2.22 g/&m Correspondingly, its
ter beam on a silicori001)-(2x 1) surface was first simu- NN distribution peaks at three, also having the same value as
lated and the initial fabrication of the formed films was stud-that of graphite. At 15 eV, the density is close to the inter-
ied. The impact energy varied from 0.5 to 60 eV/cluster. Formediate value between that of graphite and diamond, and the
each energy value, over 1400 carbon atoms were depositgdoportion of four NN's is about 45%, which is much larger
on the surface. Six different “Cfilms” were thus synthe- than that at 5 eV. At 30 eV, the density is further increased,
sized, where all the deposition parameters were the san®nd the proportion of C atoms having four NN'’s is about
except the impact energy. The structure characteristics d#5%. At 60 eV, the film density reaches that of diamond, and
these films were analyzed quantitatively. The mean densitiehe proportion of carbon atoms having fourfold coordination
of the simulated films for the six incident energies were calis dominant ¢&70%). Our results are in reasonable agree-
culated and are displayed in Table I. The data were extractegient with TEM measurements in the SCBD experinfent,
from the “bulk” part of each adlayer. The statistics were where a cluster beam of mass distribution at 0.1 eV/atom
accumulated over 1200 deposited C atoms and averaged owsas deposited. The relative lower density in the experiments
20 times during the MD simulation. Furthermore, the neigh-may attribute to the cluster size effé&lt also supports the
bor numberNN) distributions of C atoms in the adlayers are fs PLD experimental findings that the synthesized film is
more graphitelike at lower incident energy and more dia-
mondlike at relative higher incident energy. It indicates the

A. Assembling of DLC films by C, cluster deposition

0'8-_ """" 5ev higher impact energy is suitable to grow high-quality DLC
................ 15eV e 6,7
0.7 : : ———l30eV films.>
5 1 : ——60eV To compare the film morphology, Fig. 2 presents the side
E 0.6+ view of atomic positions of the grown samples with the 735
& 05_' I C, cluster deposited, where the impact energies were 60 eV
T i (@), and 0.5 eV(b), respectively. It is shown that sampla
E 0.4 - is more homogeneous, showing a small density fluctuation in
E 1 b L] the bulk region, and is more compact. Sam(tlg unlike the
S °-3j | former case, is no longer homogeneous. Rather it displays
0.2 P density fluctuation and is highly porous. These results are
] N consistent with those of atomic force microscofdFM)
0.1+ pmmmmm- measurements® which shows the film roughness increasing
J o e 5 with decreasing impact energy. Furthermore, it was found
00 1 2 3 a4 5 6 7 8 that smooth surfaces and diamondlike properties are obtain-

able forE;,=30 eV/atom.
To explain the energy dependence of the film character,
FIG. 1. The neighbor-number distribution of atoms in C films Cuomoet al,, proposed that in this energy regirfie to 100
synthesized at the impact energies of 5, 15, 30, and 60 eV. Each h&y/) the subsurface interaction become significafhe sub-
over 700 G clusters deposited. plantation model proposed by Lifshi&t al. suggested that

Neighbor number of carbon atom
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Y-direction

FIG. 3. Side view of the & 8 10 diamond(001) surface with
two rows of vacancies. The two grooves of defects are perpendicu
lar to theX direction.
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subsurface internal growth plays a leading role in DLC film ' ’E '.

synthesis. However, there have been few reports of quanti- X-direction

tative studies of the subsurface atomic interaction and how it ,
ffects the film structure. During the fabrication process we FIG. 4. Map of _the surface pqtentual energy for a carbon atom

a 9 . P pblaced at a fixed distance 1.54(diamond bond lengthabove the

obse_rved that at loviz, the vacancies fprr_ned would affect urface(see Fig. 3 and moving along theX andY directions par-

the f|Ir_n morp.hology to be porous. This is begause e_l.loc_a llel to the surface.

potential barrier existed nearby and the atomic mobility is

too low to fill up the vacancies. The porous structure was o o i

known to be related to surface roughness and lower density@s assumed to be rigid for simplicity, was first calculated.

of the films. Therefore, it is highly desirable to investigate The potential energy as a function fandy coordinates

guantitatively the mobility and migration of surface atomsparallel to the surface was depicted in Fig. 4. It is shown to

induced by cluster impact on the surface, especially a surfadee sensitive to the surface structure and there is a potential

with defects. A new simulation model was thus designed an®arrier around the region of vacancy. The maximal value of
is discussed below in Sec. Il B. the barrier is about 2.9 eV. It has to be noticed that the real

value may be much larger than that in the above calculation
because the cluster may be closer to the substrate and the
surface may be damaged and have more defects during clus-
ter impacting. Surrounding atoms that can fill up the vacancy
To explore the atomic-scale growth mechanism of enermust have enough kinetic energy to overcome the potential
getic G-cluster deposition, single &lusters were deposited barrier.
on a diamond surface, which has two rows of artificial va- The G cluster was then deposited on the surface at 2, 5,
canciegFig. 3. The simulations were arranged such that thel5, 30, 45, and 60 eV impact energy. Following the subsur-
impinging position of G on the surface was limited to the face theory, the depth distribution of, @n the surfaceFig.
area between lind andB, shown in Fig. 3. Both the orien- 3) was calculated. It was observed that at lower energy, clus-
tation and the impact position of the incident €luster rela-  ter atoms mainly remain on the surface. With increasing en-
tive to the surface were chosen randomly. The results werergy, more cluster atoms penetrate into the surface. The mean
compared under the same collision geometry but differentlepths of projectiles were found to bel.3 A (above the
impact energy. The statistics were accumulated over 408urfacé and 1.0 A for the cases of 2 eV and 60 eV, respec-
clusters at eack;,, which ranges from 2 to 60 eV. tively. Even at 60 eV, the surface reconstruction and atomic
To examine the potential barrier caused by defects, thenigration caused by cluster impact mainly occurred at one or
potential energy foa C atom placed at a fixed distance 1.54two layers near the surface. This indicates that the implanta-
A (diamond bond lengthabove the surfacéFig. 3), which  tion of cluster atoms does affect the film structure pdrtly.

B. Statistical study of atomic mobility and migration
during C, deposition

TABLE Il. Statistical result of transverse migration of cluster and recoils along<tkd@ection.

Impact energyeV) 2 5 15 30 45 60

Number of impact atoms per cluster with 0.10 0.19 0.37 0.32 0.38 0.40
AX>bg,* Npmy

Number of recoil atoms per cluster with 0.01 0.04 0.08 0.23 0.42 0.70
AX>bg, Ny

¥, is diamond bond lengthl.54 A).

235408-3



Q. WEl et al. PHYSICAL REVIEW B 68, 235408 (2003

— Vertical translational energy
------ Transverse kinetic energy
% —~ wd o 6.V
by 5] T ST 15eV
E ] R 45ev
< ' —
2 2 o8- ' b
s o
: :
Q
[=
o 1 .
£ g %
5 ]
&
4 § 0.4
2
z -d N
0.2 [
' LSS SN . 0.0 3 = b ! .
0 50 100 150 200 o s 10 20 25

Time (fs) Maximal transverse kinetic energy of projectiles (eV)

FIG. 5. The time evolution of the vertical kinetic energy and
transverse kinetic energy of a,@luster during deposition. The ()
incident energy is 45 eV.

However, the effects are not very sensitive to the impact
energy, and are therefore insufficient to explain the energy
dependence of the film morphology shown ab@vig. 1 and
Table )). Following the trajectories of cluster atoms we found
that the migration distance of cluster atoms parallel to the
surface was even larger than that in the normal direction,
especially at higherE;,. Furthermore, the distance is )
strongly dependent on the incident energy. As an example, g 14
60 eV some cluster atoms movetH(by=1.54 A is bond ) {
length of diamon@ away from their impact position on the | |  i...i--===y -
surface, whereas their penetration depths were only aroun| 2 4 6 8 10
0.6,. To get smooth films, the atoms on the surface must Maximal transverss kinetic energy of recolls (eV)
have enough migration distance along ¥direction so that
they can probably be trapped in a vacancy. The number o] (b)
cluster atoms having transverse migration alongXrdirec-
tion larger thanby (AX>Dby), Nymy, was calculated and is
presented in Table Il. Also shown in Table Il is the number of
recoil atoms having the same transverse migration distanc
(AX>Dg), Nyyx- Table Il shows that below 15 e, is
increased rapidly with increasing the energy. Above 15 eV, it
has less change because more energy is dissipated by tf
collision with surface atoms. Consistently,,,, steeply in-
creases as the energy is increased. Above 45 eV, the numb|
of recoil atoms withAX>b, is larger than the number of
projectile atoms witmMAX>b,. This indicates that the recoil
atoms play a more important role in filling vacancies when
the impact energy is above 45 eV. Therefore, by increasing
the impact energy the lateral spread of atoms both on the
surface and in the subsurface is enhanced, and the synthi Maximal kinetic energy of recoils (V)
sized C films will consequently be dense and smooth.
The probability of atomic migration on the surface is ©
known to be dependent mainly on two factors. One is the
surface potential barrier and the other is the atomic mobility.
The time evolution of the kinetic energy of g Cluster dur-
ing deposition is exhibited in Fig. 5. The incident energy is
45 eV. At about 10 fs, the vertical translational energy of the kG, 6. Transverse kinetic energy distribution of cluster atoms
C, cluster,Ey=m(v?,+v5,)/2, reaches the maximum value, (a) and recoil atomgb), and the kinetic energy distribution of the
50 eV, wheram is the mass of a carbon atom ang andv,, recoils (c). See the text for the definition of the transverse kinetic
are vertical velocities of the two atoms of g €luster. Soon energy.

Number distribution (cluster™)
(A
1

Number distribution (cluster™)
F-N
L
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the energy is transferred to the kinetic and potential energy IV. CONCLUSION
of the substrate. At about 20 fs, the transverse kinetic energy

(2 2 42 2 ,
(En), Er=m(vi, +oiy v +v3))/2, reaches the maximum ;. yhe initial fabrication of films assembled by @h silicon
value, 15 eV, where,, vyy, vy, anduyy are the trans- g rfaces were studied by MD simulation using the Brenner
verse velocities of the two atoms of g Cluster along th&  anq Tersoff potentials. The impact energy ranged from 0.5
and Y directions, respectively. It is defined as the kineticev to 60 eV. The effect of the impact energy on the film

energy of cluster atoms corresponding to the momentum pamorphology was investigated by studying the atomic mobil-
allel to the surface. Around the same time, the kinetic energjty. Our main results can be summarized as follows.

of recoil atoms reached the maximum value, too. At about The impact energy plays a significant role in the film
500 fs, the kinetic energies of both projectiles and surfacetructure synthesized by energetic carbon cluster deposition.
recoils approach the minimum value and a quasiequilibriumAt lower E;, samples are dominated by threefold coordina-
adsorption configuration is thus formed. For each cluster detion, and they are porous. Above 45 eV, fourfold coordina-
posited, we followed the trajectory of the cluster atoms adion is dominant and the densities are close to that of dia-
well as the recoils produced and picked the maximum transmond.

verse kinetic energ; of every moving atom. The distribu- ~ The impact induced mobility and the lateral migration of
tion of maximumEs is exhibited in Fig. 6. It shows that both Surface atoms, especially the mobility of recoils, which is
the value of the maximunE; and the number of moving caused by collision cascades, take a leading role in DLC film
atoms are strongly dependent on the impact energy. AbonrOWth-_The recoil mobility is enhanced greatly as the impact
15 eV, almost all projectiles havg, larger than 7.5 e\the ~ €N€rgy is increased. _ .

cohesive energy of diamond is 7.37)eWhich make projec- Our results support the. experlmgntal observation Fhat the
tiles have a large transverse motion. This is consistent witfil™S assembled from projectilésnainly C, and Q having
Table II. Above 45 eV, the number of recoils havifig relgtlvely glgh kinetic energy may have a high fraction of
larger than 3 eV is over three times higher than that at 15 e\#P” Ponds:™" The results are also partly consistent with the
At 60 eV, the maximunE; reaches 20 eV for projectiles and earlier theoreugal mod(_el that in the energy regime Qf 1-100
close to 10 eV for recoils. Corresponding to eachiiBpact, ev, subsurfac_e |nter'act|ons become significatin addition, .
over four recoils have energy higher than 3 eV. A similar® Present simulation makes clear that the surface mobility,
trend was observed for the kinetic energy distribution of re__espemally th_e mobility .Of Teco" atoms, caused by energetic
coils [see Fig. €0)]. It can be understood that at higHey,, impact, dissipates the .|nC|c51ent kinetic energy and promotes
clusters and recoils have enough lateral kinetic energy ttBhe smooth g.rowth.of films> _ .
overcome the potential barrier and migrate a large distance. The MD s!mulat|on conducted was ."F“"ed to th_e earlier
Finally they may reside on the energetically favored adsorp-Stag_e of the film growth, where_the coII|_5|on_ dynamics take a
tion site. The films thus formed become more dense anbeadmg role. The thermally activated (_1|ffu5|on has not been
smooth. At lowerE;,, the lateral kinetic energy of projectiles Included and needs to be further studied.

is too low to cross the potential barrier. As a result, the
formed film may have low density and coordinate number as
shown in Table | and Fig. 2. Therefore, we conclude the This work was patrtially supported by the National Nature
transient mobility, especially the mobility of recoils, which Science Foundation of China, under Grant No. 10275012,
was observed at the earlier stage of the cluster impact, takesd the North-West Institute of Nuclear Technology. Q. Wei
a leading role in DLC film growth. would like to thank the support of the ZhongLu-Bohr fund.

The deposition dynamics of the low energy Clusters
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