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Abstract
The growth process of ultrathin amorphous carbon films was investigated by molecular dynamics
simulations based on the second-generation reactive-empirical-bond-order potential. Films with different
structures were simulated by varying the carbon atom energy in the range of 1-120 eV. Film intrinsic
properties, such as density and residual stress, were determined after the system reached equilibrium.
Carbon atom short- and intermediate-range ordering was studied in terms of atomic hybridization and ring
connectivity simulation results. A multilayer film structure comprising intermixing layer, bulk film, and
surface layer was observed for relatively high deposition energy, in agreement with the classical
subplantation model. The highest film density (3.3 g/cm®), sp® fraction (~43%), and carbon atom
intermediate ordering were found for a deposition energy of ~80 eV, which is in good agreement with

experimental findings.
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I. Introduction

Amorphous carbon (a-C) films with high sp® fractions demonstrate unique characteristics, such as
high hardness, low friction, good wear resistance, and high chemical inertness.'® Many efforts have been
made to enhance the quality of a-C films by varying the deposition method and process parameters.”™
Although traditional deposition techniques, such as plasma-enhanced chemical vapor deposition and
sputtering, have been used to deposit a-C films with unique physical properties, energetic deposition
methods, in particular, filtered cathodic vacuum arc (FCVA) deposition, has captured significant research
attention in recent years interest because the highly ionized plasma, intrinsic of FCVA, results in the
formation of hard, dense, continuous, and smooth ultrathin carbon films.>*™*°

The ion energy effect on the properties of a-C films deposited by the FCVA method has been the
main objective of several studies."**™™ The formation of a-C films with a high content of sp®
hybridization can be explained by the subplantation model,"® which postulates that energetic ions
penetrating the surface of the bombarded material introduce local compressive stresses that promote sp®
formation. Because of the subplantation effect, FCVA-deposited films exhibit multilayer structure.'®™®
However, limitations in the signal-to-noise ratio of characterization methods present an obstacle in
understanding the formation of nanometer-thick films.

Molecular dynamics (MD) provides an alternative method for studying ultrathin film growth. MD
provides an atomistic perspective of the material behavior and a statistical description of material

response. Kaukonen and Nieminen®® used the Tersoff potential®®*

to simulate a-C film growth for carbon
atom energy in the range of 1-70 eV and observed dense film formation for carbon atom energies
between 40 and 70 eV. Marks et al.”* used the Stillinger and Weber potential® to perform two-
dimensional MD simulations and reported a transition from tensile to compressive residual stress with
increasing deposition energy Eg4, and a maximum compressive stress for a Eq = 30 eV, which is less than
what has been observed in experimental studies.**** Jager and Albe** compared the Tersoff and reactive-

empirical-bond-order (REBO) potential®>" by simulating ion-beam deposition of a-C films and proposed

a modified REBO potential for simulating the film deposition process, which was used in MD simulations
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of Ma et al.?® to study the microstructure and internal stress of ultrathin a-C films. Results from the latter
study revealed that incident carbon atoms caused reconstruction of the substrate surface, leading to the
formation of a three-layer structure comprising the substrate, an intermixing layer, and the deposited film,
in agreement with the subplantation model.

Similar to other amorphous structures, a-C lacks long-range order. While the majority of previous

studies have focused on a-C short-range order (e.g., sp® and sp? hybridization),'%%*24282

insight into
intermediate-range order (i.e., length scale of one to two times the average bond length) is limited.
Intermediate-range order is considered to control the mechanical, optical, and electrical properties of
amorphous materials.***" Although some experimental measurements, such as Raman shift, may provide
information about intermediate-range order (e.g., clustering), MD simulations can provide much more
detailed information, which is cumbersome or impossible to experimentally deduce.’*** The main
objective of this study is to elucidate the dependence of short- and intermediate-range order in a-C films

on incidence atom energy. Because previous studies™ ™ have shown that the optimal incidence energy for

a-C film deposition is ~80-100 eV, MD simulation results are presented for E4 in the range of 1-120 eV.

I1. MODELING AND NUMERICAL PROCEDURES
A. Molecular dynamics simulations

MD analysis relies on Newton’s second law to simulate the motion of atoms. Essential to this
method is the interaction force between atoms, represented by an interaction potential in MD studies.**
The second-generation REBO potential®>~"* is adopted in this study because it is the most often used and
acclaimed potential for hydrocarbon-related studies. The velocity-Verlet method® is used to integrate
Newton’s second law in the present MD analysis, which uses the large-scale atomic/molecular massively
parallel simulator (LAMMPS).¥

The origin of the second-generation REBO potential can be traced back to the Tersoff
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potentia which is applicable to systems of atoms interacting with each other through covalent bonds,

such as carbon and silicon atoms. The potential energy associated with each bond consists of two parts



representing attractive and repulsive energy terms. The influence of a third atom on a given bond is taken

into account through a correction factor. The Tersoff potential energy of a system E is expressed as

E= %Z ZVU- (1)

i j=

where Vj; is the potential energy associated with the bond of two atoms i and j, given by
Vi = o (r) () — By fa(r)] (2)
where fz and fa represent repulsive and attractive potentials, respectively, given by f_(r) = Aexp(-A4,r)
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and f,(r)=Aexp(-4,r),”“ and Bj represents the effect of a third atom close to atom i. Because a
covalent bond can only form when two atoms are close to each other and the bond also prevents the two
atoms from approaching each other beyond a certain distance, the distance r between the two atoms (bond
length) is in a narrow distance range. To account for this effect, a cut-off distance function f.(r) is

included the interatomic potential V;;, which is given by****

1 r<R
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Coefficient B; is expressed as***
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Parameters Ry, Ry, A, A, B, A1, 22, A3, m, N, ¢, d, Vi and Gy included in equations are quoted from
the literature.”
Although the Tersoff potential can be used to describe single, double, and triple bonds, it cannot

be used to describe m and conjugated bonds. To overcome this limitation, Brenner®?® modified the



Tersoff potential to include the conjugation effect, introducing the so-called first-generation REBO
potential. The main difference between the Tersoff potential and the first-generation REBO potential is
that the latter accounts for the effect of nearby atoms on the bond of atoms i and j, which is represented by
coefficient bj. In addition to the effect of atoms near atom i, the effect of atoms close to atom j is also
included in the first-generation REBO potential. The conjugation function Bj; is given by*
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bij =1+ Hij (Nih’ N©)+ Z fc(rik)g(eijk)exp[aijk[(rij - Ri?) — (- Ri?)] (6)
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where N, N°, and N/ are the number of hydrogen atoms, the number of carbon atoms, and the total

number of atoms bonded to the atom i. H;; and F;; are obtained from bicubic and tricubic splines of known

values for integer numbers of N/, Ny, Nf, whereas N, ¢ , R?, and d; are fitting parameters obtained
from previous studies.”?

The first-generation REBO potential has been widely used to model hydrocarbon systems.?**®
However, because the repulsive and attractive potentials are too restrictive for modeling energetic atomic
collisions, Brenner?” modified this potential to overcome this problem, introducing a new potential known

as the second-generation REBO potential. This potential also increased the accuracy of Hjj and F;; through

the use of more accurate values for the integer numbers N, N¢, N/ and Nf°"j. The estimate of the

correction factor Bjj was also improved by using more accurate values to fit H; and F;. The second-
generation REBO potential is used in this study to describe the interaction between carbon atoms.

Jager et al?

used the first-generation REBO potential to perform MD simulations of the
deposition of a carbon film, but although they obtained a film density close to that of diamond, the sp?
content was ~90%, which is close to that of graphite. Thus, to simulate the formation of a carbon film

with a high sp® content, they increased the cut-off distance R, and R, in Eq. (4) from 1.7 and 2.0 A to

1.95 and 2.25 A, respectively. While this resulted in the simulation of a carbon film with an extremely



high sp? content (>85%), these changes in the cut-off distance also led to the formation of non-physical
structures.®® In the present study, the second-generation REBO potential and the LAMMPS code® were
used to study the film deposition process. A total of 1400 carbon atom depositions were simulated

sequentially to simulate the formation of a carbon film.

The film stress is calculated from a per-atom tensor S_, , which includes kinetic, pairwise, and

ab

bond energy contributions (therefore, has units of stress x volume), defined as

N Ny,
Suy =AM, 5 D0+ TFi) 5 ([ i) )
where the first term represents the contribution of Kinetic energy, the second term is a pairwise energy
contribution with a total number of loops over its neighbors of N,, the third term is a bond energy
contribution of a total number of bonds equal to Ny, and indexes a and b represent coordinates x, y, and z.

The hydrostatic (mean) stress oy, and in-plane stress o; can then be expressed as

(S +S,,+35,)
VA ®
(S, + Syy)
0; = N 9

with positive and negative values denoting tensile and compressive stresses, respectively, and V

representing the volume of a given domain (a slice in the present analysis).

B. Model of the film deposition process

Carbon film formation was simulated by a single-atom deposition process. Carbon atoms were
generated randomly at an x-y plane above the substrate surface at a distance of 55 A from the fixed
bottom surface of the diamond substrate. To simulate the normal incidence at the diamond surface, each
carbon atom was assigned a velocity in the negative z-direction and magnitude commensurate to certain
energy, typical of FCVA film deposition process. In all MD simulations, the time step was set at 0.5 fs.
Figure 1 shows the MD model used to simulate film formation by a single-atom deposition method. The

bottom three planes of atoms of the diamond (100) substrate were fixed to mimic a semi-infinite half-



space. Atoms in the next four planes on top of the fixed atoms were assigned to an external heat bath via a
Berendsen thermostat.*® To minimize the effect of the thermostat on the deposition process, the remaining
carbon atoms were divided into two groups. For each carbon atom generated in the simulation, all
substrate atoms within a cylinder surrounding the arriving carbon atom were allowed to move freely,
whereas all other remaining substrate atoms were connected to the thermostat. With this technique, atoms
connected to the heat bath were updated during the deposition of each atom, and the effect of the
thermostat on the interaction between deposited carbon atoms and substrate atoms was significantly
reduced.

Between the deposition of two carbon atoms, the system was allowed to relax for 2 ps and then to
be equilibrated by the heat bath. The relaxation time was chosen according to a study® showing a thermal
spike lifetime less than 0.5 ps for ion energy less than 100 eV. Atoms sputtered off from the substrate

were removed from the system before injecting a new carbon atom.

C. Substrate model

Figure 1 shows the diamond substrate used in the present study with coordinates x[011], y[011 ],
and z[100]. Periodic boundary conditions were applied to the x- and y-directions. The diamond surface in
the z-direction was not constrained to allow for film growth. In each simulation, the model was first
relaxed to minimize its energy such that the difference in total energy between two consecutive time steps
is less than 107™° eV. The dimensions of the relaxed structure are 20.17 x 20.17 x 60 A. The original
substrate surface is used as the reference plane (z = 0), while film growth occurs in the positive z-direction.
Without relaxation, an internal stress was produced in the diamond substrate due to the surface tension
effect of the free surface [Fig. 2(a)]. To reduce the internal stress, the diamond substrate was subjected to
thermal relaxation by increasing the temperature from 300 to 800 K, keeping it at 800 K for 5 ps,
decreasing it to 330 K, and finally allowing the system to relax for 5 ps. This thermal relaxation process
reduced the internal stress [Fig. 2(b)], while the resulting atomic rearrangement at the diamond surface

yielded 95% sp? instead of 100% sp* of the initial diamond surface.



D. Ring size statistical analysis
Ring statistics was performed with the interactive structure analysis of amorphous and crystalline

systems (ISAACS) program.** Rings of sizes up to 40 were analyzed with the ISAACS program.

I11. RESULTS AND DISCUSSION
A. Film structure

Figure 3 shows a-C film configurations for different deposition energies. Low-energy (i.e., 1 eV)
deposition produced a porous film structure dominated by sp? hybridization without damaging the
diamond substrate [Fig. 3(a)]. The formation of this film structure is attributed to the dominance of
surface adsorption. The increase of E4 resulted in significantly denser film structures dominated by sp®
hybridization and the formation of an intermixing layer of progressively increased thickness [Figs. 3(b)-
3(c)].

Figures 4(a)-4(d) show the initial stage of a-C film growth for E4 = 1 eV. Impinging carbon
atoms first attach to surface atoms (adsorption) and as soon as these surface sites are saturated [Fig. 4(a)]
they begin to form chain-like structures of an average bond length equal to 1.3322 + 0.0115 A [Fig. 4(b)],
which is close to the double-bond length of ethylene (1.339 A). Because this double bond is reactive, it
tends to capture other carbon atoms to form a more stable single bond. Thus, deposition of more carbon
atoms does not increase the chain length but causes the formation of ring-like structures [Figs. 4(c) and
4(d)]. The average bond length between sp* and sp” sites increases from 1.3322 + 0.0115 A to 1.3778 +
0.0129 A. Because of their low energy, impinging carbon atoms cannot break existing carbon bonds to
penetrate into the substrate and the resulting a-C film structure is dominated by sp? and sp* hybridizations.
Increasing E4 above 20 eV resulted in the formation of significantly denser films without any voids.
Figures 4(e)-4(h) show the initial stage of a-C film growth for relatively high E; = 80 eV. Unlike the
porous film structure produced with low-energy atoms, high-deposition energy significantly not only
enhanced the film density but also greatly increased the sp® content of the film. However, sp? and sp

hybridizations remained as the dominant types of carbon bonding at the surface. This finding suggests



that the formation of sp® structures is mainly a consequence of the implantation mechanism that
dominates the subplantation process. A comparison of simulation results for E4 in the range of 20-120 eV
showed that the film surface roughness increased with E4. This roughening effect observed at high

deposition energies can be attributed to sputtering of the film by the highly energetic carbon atoms.

B. Film density and atom coordination

Two important film properties are examined in this section — film density and atom coordination.
Atom coordination is calculated as the number of neighboring atoms within a distance of 1.85 A from the
reference atom. The coordination number is an important parameter characterizing the composition of the
a-C film. Atoms with a coordination number of 4 are usually referred to as tetrahedrally (sp®) hybridized
(diamond-like), whereas atoms with a coordination number of 3 are referred to as trigonically (sp?)
hybridized (graphite-like). Because the deposited films are not uniform in the z-direction, the properties as
a function of z are calculated as averages of 0.85-A-thick slices, which is the distance between two layers
of atoms in the diamond [100] direction.

Figure 5 shows the relative density (i.e., the film density normalized by the density of the
diamond substrate) and the carbon coordination fraction versus deposition energy Eq. The sp® content
sharply increases with the increase of E, in the range of 1-20 eV and less significantly in the range of 20-
80 eV, respectively. In the 20-80 eV energy range, the energetic carbon atoms can penetrate the film
surface and become adsorbed in the bulk of the forming carbon film. This mechanism is known as
subplantation and usually results in sp® hybridization. In the 80-120 eV energy range, the sp® content
decreases with the increase of E4 because carbon atom rebounding onto the carbon film decreases sp®
hybridization in the bulk of the carbon film. Thus, the optimum energy for obtaining the highest sp®
content in the a-C film is ~80 eV, which is in agreement with experimental observations.""™ The
variation of the sp? fraction with Eg is similar to that of the film density, suggesting that denser a-C films

are also characterized by a higher sp® fraction.



Considering that the bond length in sp* hybridization is longer than that in sp? hybridization, a-C
films with higher sp® hybridization should also exhibit longer average bond length. Figure 6 shows the
effect of the deposition energy E4 on the radial distribution function #. The first peak (corresponding to
the average bond length) slightly shifts to the right with the increase of E4 from 1 eV [Fig. 6(a)] to 80 eV
[Fig. 6(b)], revealing an increase in the average bond length, which is consistent with the increase of sp®
hybridization. However, the first peak shifts to the left with the further increase of E4 from 80 eV [Fig.
6(c)] to 120 eV [Fig. 6(d)], implying a decrease in average bond length and, in turn, sp® hybridization.

Changes in sp® hybridization due to the variation of E4 are also due to the variation of the bond
angle distribution in the a-C film. For purely sp* hybridization (e.g., diamond), the bond angle is ~109°,
whereas for sp? hybridization (e.g., graphite) it is equal to 120°. Thus, higher sp® hybridization implies
smaller bond angle. Figure 7 shows the dependence of the bond angle distribution @, on the deposition
energy Eq4. The left shift of @, with the increase of E; from 1 eV [Fig. 7(a)] to 80 eV [Fig. 7(c)] indicates
a decrease of sp” hybridization and the simultaneous increase of sp® hybridization. However, the further
increase of E4 to 120 eV [Fig. 7(d)] leads to a right shift of @, implying an increase in sp® hybridization
and a decrease in sp3 hybridization. Different from other @, other distributions, @&, for Eq = 1 eV contains
a small peak at ~60° and a significant fraction of bond angles in the range of 140°-180°, presumably due
to the high fraction of sp* hybridization in the film synthesized under deposition conditions of Eq = 1 eV.
With the increase of E4 above 20 eV, the fraction of sp' hybridization decreases to almost zero. The high
sp* hybridization in the film deposited under Eq = 1 eV also affects the ¥ distribution (Fig. 6), i.e., all ¥
distributions contain a small peak at 2 nm except the distribution for Eq= 1 eV.

Figure 8 shows the effect of E; on the depth distribution of the relative density and carbon atom
hybridization of a-C films. The film density is normalized to that of diamond. Both low- and high-energy
deposition cases reveal the existence of a three-layer structure consisting of film/substrate intermixing
layer, bulk film, and surface layer. The intermixing layer consists of deposited carbon atoms and atoms of

the diamond substrate. The thickness of the intermixing layer is defined as the distance from the original

10



surface of the diamond substrate to the location where the relative density is equal to 0.9. The intermixing
layer may be interpreted as the surface layer of the diamond substrate that is damaged by the bombarding
carbon atoms.’® The bulk of the film is the region of nearly constant density and atom hybridization,
whereas the film surface is defined as the region where the density and/or sp® fraction sharply decrease.
Low-energy deposition produces relatively thicker a-C films with negligible intermixing with the
substrate and dominated by sp* and sp? hybridization, whereas high-energy deposition produces thinner a-
C films integrated with the substrate via an intermixing layer and with much higher sp® content.

Table | shows the effect of E4 on the thickness and density of the intermixing layer, bulk film, and
surface layer. All cases show the formation of a three-layer film structure. For low-energy (1 eV)
deposition, the impinging carbon atoms do not damage the diamond substrate and the thickness of the
intermixing layer is negligibly small. The increase of E4 enhances the penetration of the diamond surface
by carbon atoms, resulting in the formation of a thicker intermixing layer. For E4 = 80 eV, the intermixing
layer thickness is estimated to be 5.35 A, which is larger than one lattice distance in the z-direction. The
increase of the intermixing layer thickness with E4 suggests that more energetic atoms cause more
damage to the substrate. Conversely to the intermixing layer, the bulk film thickness decreases with the
increase of E4 because highly energetic atom bombardment leads to significant carbon atom implantation.
The enhancement of the bombarding intensity of carbon atoms induced by the increase of Eq4 also has a
profound effect on the bulk film density; however, the effect on the surface layer is marginal, evidently
due to the significantly less bombarding carbon atoms. For relatively low E; (< 20 eV), the mobility of
incident carbon atoms is limited, resulting in a thick surface layer, whereas for intermediate Eg4 (i.e., 20—
80 eV), carbon atoms are more energetic and, therefore, can diffuse to minimum-energy sites, producing a
thinner and smoother surface layer. However, at relatively high deposition energies (i.e., 120 eV), carbon
atom deposition significantly exceeds atom diffusion, leading to the formation of a thicker and rougher
surface layer. Among the simulation cases listed in Table I, the film with the highest bulk density (3.3
glcm®) corresponds to Eq = 80 eV. This is in agreement with experimental results showing that high-
density a-C films can be obtained for Eg in the range of 80-100 eV.!
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C. Film stress

Figure 9 shows the variation of the hydrostatic stress oy, [Eq. (8)] and the in-plane stresses o [EQ.
(9)] with the deposition energy Eq4. The hydrostatic stress is the average of all the stresses parallel and
perpendicular to the film surface. Because stresses parallel to the film surface are much higher than the
out-of-plane stress, oy, is always less than o;. While low-energy (1 eV) deposition produces a mild tensile
stress, increasing E4 leads to the development of high compressive stresses in the film. This trend is in
agreement with the increase of the sp® fraction (Fig. 5) and bulk film density (Table 1) with Eg.

Figure 10 shows through-thickness distributions of hydrostatic and in-plane stress for Eq = 1 and
80 eV. Low-energy deposition produces relatively low and mainly tensile film stress [Fig. 10(a)],
attributed to the stretching effect of excess sp* dangling bonds at the surface, which are less constrained
because they have fewer neighboring atoms. Because a tensile stress is not conducive to sp® hybridization,
the sp® fraction in the film synthesized under low-energy (1 eV) deposition conditions is less than 5%
[Figs. 5 and 8(a)]. However, relatively high-energy (80 eV) deposition produces a compressive film stress
between —17 and —22 GPa, which is in fair agreement with experimentally measured compressive stresses
varying between -11 and -15 GPa.'***™* The discrepancy between MD results and experimental
measurements may be due to the periodic boundary condition applied to the x- and y-directions and errors
introduced in the experimental measurements of the film stress (e.g., errors in the measurement of the
very sample curvature induced by the stress in very thin films). In both simulation cases, both oy, and o
the decrease close to zero at the surface, providing validation to the method used to calculate the film

stresses (section 11B).

D. Intermediate-range order and ring size statistics

Intermediate-range order refers to the order of the atomic structure at length scales larger than one
or two times the average bond length and correlates to the mechanical, optical, and electric properties of
amorphous materials.**** The most widely used approach for studying intermediate-range order,

especially in numerical simulations, is the ring size statistics originated from graph theory.** A ring is
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defined as a closed loop consisting of atoms connected to each other by bonds. The ring size is defined as
the number of atoms in the ring. To calculate the number of rings and the connectivity of the rings, it is
necessary to identify first those rings that are relevant to intermediate-range order. Primitive rings (i.e.,
rings that cannot be divided into smaller rings), which are closely related to intermediate-range order, are
considered in the present study.*”~*® Carbon atoms within a distance range in the z-direction of 15-30 A
are considered in the present ring statistics. Since the initial thickness of the diamond substrate is equal to
~14 A, atoms within a depth distance of 15-30 A provide a good representation of the atomic structure of
the a-C film.

Figure 11 shows the ring size distribution @&; (defined as the ratio of the number of rings to the
total number of atoms in the system) as a function of ring size d (expressed in number of atoms) for E4 =
1-120 eV. The cut-off ring size is equal to 3 because the smallest ring contains three atoms. Low-energy
deposition produces a wide @&; distribution in the range 3 < d < 40 [Fig. 11(a)]; however, the increase of
Eq to 20 eV vyields a tighter @; distribution in the range 3 < d < 16 and the average d is equal to ~8 [Fig.
11(b)], indicating a carbon atom network of increased order. Even tighter @&; distribution is shown for Eg4
=80 eV and average d decreases to 6 [Fig. 11(c)]. Thus, a further order increase of the atomic network is
encountered in the intermediate range of E,. Because both diamond (pure sp® hybridization) and graphite
(pure sp? hybridization) have d = 6, the shift of @, to the left may be interpreted as an increase of both sp?
and sp® hybridizations. The increase of E4 from 80 to 120 eV leads to a decrease in intermediate-range
order, as evidenced by the wider @& distribution and the increase of average d to 7 [Fig. 11(d)].

Figure 12 shows the atom distribution @, (defined as the number of atoms contributing to the
formation of rings of a given size divided by the total number of atoms in the system) as a function of ring
size d for Eq = 1-120 eV. Atoms shared by two or more rings of the same size are only counted once. The
wide @, distribution obtained for Eq = 1 eV [Fig. 12(a)] is consistent with that shown in Fig. 11(a). For E4
=20 and 80 eV [Fig. 12(b) and 12(c), respectively], @&, is centered in the range 6 < d < 9, whereas for Eg4

=120 eV [Fig. 12(d)], @, is wider than the distributions obtained for E4 = 20 and 80 eV. The effect of Eq4
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on the number of atoms shared by rings of a given size may be interpreted in the context of the results
shown in Figs. 11 and 12. If rings of a given size do not share any atoms, the atoms involved in the
formation of these rings will be equal to the ring size times the number of rings, and high @&; will result in
high @,. Consequently, high @, and low @, implies significant atom sharing among rings of a given size
(i.e., high ring connectivity). A comparison of Figs. 11(b) and 11 (c) shows that &(d = 6, Eq = 20 eV) is
smaller than &,(d = 6, E4 = 80 eV) whereas a comparison of Figs. 12(b), 12(c) shows that @,(d = 6, E4 =
20 eV) is similar to @,(d = 6, E4 = 80 eV); implying that more rings with d = 6 share atoms in the a-C
films synthesized under 80 than 20 eV deposition energy. A similar observation can be made for d = 7.
For Eq =80 eV, &(d =9) > &(d =6 or 7) [Fig. 11(b)], while @,(d = 6), @,(d = 7), and @,(d = 9) are
similar [Fig. 12(b)], indicating that rings with d = 9 share more atoms with each other than rings with d =
6or7.

Further insight into intermediate-range ordering can be obtained by considering the normalized
atom distribution @,", defined as @, for a given d to the maximum value of @, denoted by @, may,
calculated from the ring size distribution @; (Fig. 11). Assuming that there are no rings of a given size d
sharing n atoms, @, nax = ncDr(d’). Figure 13 shows the normalized atom distribution @,"as a function of
ring size d. @, = 1 implies no atom sharing among rings of the same size, whereas low @, values
indicate the existence of a significant number of atoms that are shared among rings of the same size. For
Eq =1 eV, atom sharing is insignificant for almost all rings of a given size [Fig. 13(a)], while for E4 = 20
eV, atom sharing is mainly observed for rings with sizes in the range 5 < d < 14 [Fig. 13(b)]. More atom
sharing among rings of a given size is observed with the increase of E4 to 80 eV [Fig. 13(c)]; however, the
overall @, distribution is similar to that for Eq = 20 eV. Atom sharing among rings with sizes in the range
5 < d < 10, where the majority of rings exist for Eq = 20, 80, and 120 eV (Fig. 11), is similar for E4 = 20
and 80 and less for Eq4 = 120 eV [Fig. 13(d)].

Further insight into intermediate-range atom ordering can be obtained by considering the

normalized maximum and minimum atom distributions @*a,max and @*aymm, representing the fractions of
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atoms contributing to the formation of rings of a given size, which are also present in the rings that have
the given size as maximum or minimum. For example, if n atoms contribute to the formation of all rings
of a given size d”, some of these atoms may also contribute to the formation of rings of other sizes. If k
and m atoms among the n atoms are also present in rings that have d” as maximum and minimum size,
respectively, then @*a,max =k/n and (D*a,mm = m/n. Figure 14 shows the effect of the deposition energy Eq4
on (D*a,max and (D*a,min. High (D*a,max implies less atoms of rings of a given size shared with larger rings,
whereas high @', i, implies less atoms of rings of a given size shared with smaller rings. For Eq = 1 eV,
@ 4 max @sSUMes low values in the range 3 < d < 8 [Fig. 14(a)], indicating a high connectivity among rings
with d > 8, whereas @',,;, assumes high values in the same range [Fig. 14(e)], indicating a low
connectivity among rings with 3 < d < 8. In addition, the decreasing trend of @', ., for d > 10 implies a
sharply increasing connectivity among rings with d > 10 and 3 < d < 10. For Eq = 20 and 80 eV, @, nax
obtains higher values in the relatively large-ring range 13 < d < 16 [Figs. 14(b) and 14(c)], whereas @ , min
assumes relatively smaller values in the small-ring range 3 < d < 10 [Figs. 14(f) and 14(g)], implying
weak and strong connectivity for relatively large and small rings, respectively. Also, the very low @, nax
values and very high @, nin values in the range 3 < d < 6 indicate a strong connectivity between small and
large rings in the a-C films deposited for E4 = 20 and 80 eV. Although cﬁamax and cb*a,min for E4 = 20 and
80 eV are similar, a comparison of Figs. 14(b), 14(c), 14(f), and 14(g) indicates slightly stronger
connectivity of small rings for E4 = 80 eV than 20 eV. Compared to the rings corresponding to Eq =1 eV,
both 20 and 80 eV have tighter ring size distributions and stronger connectivity among small rings and
among small and large rings are obtained for E4 = 20 and 80 eV compared to 1 eV. Considering that the
majority of the rings for Eq = 20 and 80 eV [Figs. 12(b) and 12(c)] are smaller than those for Eq4 = 1 eV
[Fig. 12(a)], it may be inferred that connectivity was significantly enhanced by the increase of the
deposition energy. Although the connectivity of small rings (3 <d <6 ) for Eq = 120 eV [Figs. 14(d) and

14(h)] is only slightly worse than those for E4 = 80 eV [Figs. 14(c) and 14(g)], the a-C film contains large
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rings (d > 16) connected to small and large rings; however, connectivity for Eq = 120 eV is better than

that for Eq = 1 eV, as indicated by the small range of @, in [Fig. 14(h)].

IV. CONCLUSIONS

The structure, properties, and internal stress of ultrathin a-C films synthesized by energetic atoms
were examined in the context of MD simulation results. Atom-atom interaction was described by the
second-generation REBO potential. All simulations revealed the formation of three-layer structure
consisting of intermixing layer, bulk film, and surface layer. The film structure (atom hybridization),
density, and residual stress showed a strong dependence on the energy of impinging carbon atoms
(deposition energy Eg). Film density, residual stress, and sp® content increased with Eg, in agreement with
experimental results. Relatively high Eq4 (e.g., 120 eV) caused damage to the substrate surface and led to
the formation of a thicker surface layer dominated by sp® and sp® hybridizations and surface dangling
bonds. For the range of E; examined (1-120 eV), optimum film properties, i.e., maximum density,
thinnest intermixing and surface layers, and highest sp? fraction, were obtained for Eq = 80 eV, also in
agreement with experimental findings.

Atom collision during deposition led to the development of an internal stress in the film. Low-
energy (Eq = 1 eV) deposition produced a tensile film stress, in agreement with the dominant presence of
sp* and sp® hybridizations at the film surface, which are reactive and tend to induce stretching of the film.
High-energy (Eq > 20 eV) deposition resulted in a compressive state in the films, with a hydrostatic stress
between —11 and —13 GPa. Because a local compressive environment is conducive to sp* hybridization
and the compressive stress in the film increased with Eg, a-C films with high sp? content were produced
with highly energetic carbon atoms.

The structure and properties of a-C films synthesized by energetic particle deposition methods,
such as FCVA, strongly depend on the intensity that impinging carbon atoms interact with substrate
atoms. Low-energy carbon atoms are mainly adsorbed at the surface of the growing film, resulting in sp?

and sp* hybridization. However, high-energy carbon atoms penetrate the film surface, inducing
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subsurface interactions that favor sp* hybridization. High-energy carbon atoms may also rebound from the
surface or sputter off atoms adsorbed onto the surface of the growing film.

Ring-size statistics provided insight into the effect of energetic atom impingement on
intermediate-range atomic ordering. Low-energy (Eq = 1 eV) deposition produced a-C films with the
widest ring size distribution and lowest ring connectivity. Increasing E4 to 20 and 80 eV resulted in tighter
ring size distributions and increased ring connectivity. However, a further increase of E; to 120 eV
resulted in broader ring size distribution and decreased connectivity of small rings.

The MD results of this study are in good qualitative agreement with experimental results of the
optimum deposition energy and internal stress of a-C films deposited by energetic particle deposition
methods. The findings of this investigation are also complementary to experimental studies because they
provide insight into the formation of a three-layer film structure, the evolution of damage at the substrate
surface, and the intermediate-range order for different deposition energies, which is cumbersome to

identify by experimental methods.
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Table 1. Effect of deposition energy on the thickness and density of intermixing layer,

bulk film, and surface layer.

Thickness (A) Density (g/cm?)
Deposition

energy (eV) Intermixing Bulk Surface Bulk Surface

layer film layer film layer

1 0.1 35 6.6 1.68 0.97

20 2.68 20.52 2.7 3.13 0.98

80 5.35 15.17 9.33 3.30 1.79

120 6.14 14.28 1141 3.19 1.58
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Fig. 13 Normalized atom distribution @, for deposition energy E4 equal to (a) 1, (b) 20, (c) 80, and (d)
120 eV.
Fig. 14 Normalized maximum and minimum atom distributions (D*a,max and gb*a,mm, respectively, for

deposition energy E4 equal to (a.e) 1, (b,f) 20, (c,g) 80, and (d,h) 120 eV.
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