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amorphous carbon films subjected to thermal annealing
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ARTICLE INFO ABSTRACT

The evolution of internal stress in ultrathin amorphous carbon (a-C) films is a complex physical process that is
difficult to experimentally analyze due to the very small film thickness (a few nanometers) and the lack of
instruments that can perform spatiotemporal stress measurements at sub-nanometer resolutions. Even more
challenging is the elucidation of the correlation between internal stress, film activated, and temperature.
Molecular dynamics (MD) provides potent computational capability for tracking structural changes activated by
stress and temperature at the atomic level. Consequently, the aim of this study was to perform a comprehensive
MD analysis that elucidates the origin of internal stress in sub-2-nm-thick a-C films grown on single-crystal
silicon under optimal deposition energy conditions and explore its dependence on prevalent structural features
(e.g., hybridization state) and temperature. The physical mechanisms of a-C film growth and stress built-up
under deposition conditions of energetic particle bombardment and stress relief due to thermal annealing are
interpreted in the context of MD results. Simulations of film growth illuminate the correlation between film
stress and energy of incident carbon atoms. A significant stress relief occurs mainly in the bulk layer of the
multilayered a-C film structure at a critical annealing temperature, which continues to intensify with the further
increase of temperature. Simulations of time-dependent variation of stress through the film thickness reveal that
the stress relief is a very fast process that accelerates with the increase of temperature. The results of this study
provide insight into the spatial and temporal variation of internal stress in ultrathin a-C films due to structure
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and temperature effects and the film stress-structure interdependence.

1. Introduction

The growth of ultrathin amorphous carbon (a-C) films possessing
significant fractions of tetrahedral (sp®) atomic carbon hybridization
has been the objective of many studies, mainly because of the well-
established correlation between the physical properties and sp> content
of a-C films. In particular, a-C films with high sp® fractions, also known
as diamondlike carbon films, have been proven to exhibit high hard-
ness, low friction, excellent chemical inertness, and good thermal sta-
bility [1-5]. The combination of these desirable properties has led to
the usage of thin a-C films as protective overcoats in a wide range of
applications, including automobile and aerospace components, ortho-
pedic implants, optoelectronics, laser lenses, microelectromechanical
devices, and hard-disk drives [6-9].

Despite unprecedented industrial applications of a-C films, funda-
mental studies are still ongoing, principally because establishing corre-
lations between the hybridization state and film stress is challenging for
film thicknesses only a few nanometers. Elucidating such correlations is
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important because the internal stress can affect the film structure, me-
chanical integrity, and functionality under various industrial settings
[10,11]. According to the generally accepted subplantation theory
[12,13], the implantation of energetic particles (film precursors) induces
local densification, causing the development of a compressive stress that
is conducive to sp> hybridization. Because the internal stress depends on
the process conditions [14], film growth by techniques encompassing
intense particle bombardment, such as ion implantation, reactive sput-
tering, and filtered cathodic vacuum arc, usually yields a high com-
pressive stress in the film due to localized structural incompatibilities
introduced by the impinging energetic particles. However, for a high film
stress to be sustained without negatively affecting the adhesive strength
at the film/substrate interface, it may be necessary to decrease the film
thickness significantly. Several studies have been performed to determine
the dependence of internal stress in a-C films on various factors, such as
film structure and composition, substrate bias voltage (energy of incident
particles), temperature, and post-deposition heat treatment (e.g., thermal
annealing) [10,15-19]. Although these studies have provided important
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guidance for tuning the stress in a-C films by controlling the process
conditions, changing the deposition conditions is not always feasible and
may alter the film structure and properties. Therefore, a post-deposition
heat treatment may be required to relieve the high film stress. Further-
more, in applications involving frictional heating or operation at elevated
temperatures, such as high-load bearing components, laser lenses, and
heat-assisted magnetic recording devices, changes in film stress may
negatively impact the film structure, such as sp® to trigonal (sp?) carbon
atom rehybridization.

Traditionally, film stress has been measured by techniques based on
the curvature method [14-19]. However, such techniques cannot pro-
vide high-resolution, real-time stress measurements, especially for
nanometer-thick films undergoing structural changes due to heating.
Molecular dynamics (MD) provides an effective alternative for over-
coming this experimental scarcity and for obtaining insight into the
evolution of stress at atomic and molecular levels. For instance, MD
analysis has been used to find the stress field in a metallic substrate
indented by a hard ball or a diamond tool [20,21], to explore the
generation of dislocations in a Lennard-Jones solid by a penetrating
atom [22], to identify the effects of size, shape, and sliding direction of
a diamond tip on friction [23], to obtain the subsurface stress field in a
face-centered-cubic semi-infinite medium indented by a rigid flat punch
[24], and to determine the optimal incident energy range for synthe-
sizing diamondlike carbon films with desirable structures and proper-
ties [25]. The foregoing studies have illustrated the potential of MD
simulations to elucidate the evolution of structure and internal stress in
nanometer-thick films during deposition and heating. Consequently,
the objective of this study was to perform a comprehensive MD analysis
of the growth and development of internal stress in ultrathin a-C films
and to explore the effect of thermal annealing on the film structure and
internal stress. The spatiotemporal evolution of the structure and in-
ternal stress in a-C films during growth and thermal annealing are ex-
amined below in the context of MD simulation results obtained for a
wide range of deposition energy and annealing temperature.

2. Molecular dynamics model

The three-dimensional MD model comprises an ultrathin a-C film
grown on a 23 X 23 X 59.7 A Si(100) substrate consisting of 1620
atoms (Fig. 1). Film growth was simulated for a wide range of deposi-
tion energy (i.e., carbon atom kinetic energy) by the sequential de-
position of single carbon atoms onto the Si substrate. Fig. 2 shows cross
sections of a-C films for deposition energy in the range of 1-120 eV. In
each film-growth simulation, 2000 carbon atoms were separately de-
posited at random positions of the substrate surface at normal in-
cidence. Although the duration of an energetic particle bombardment
was only several femtoseconds, the significant energy transferred from
the incident carbon atom to the substrate-film system increased the
temperature profoundly. To overcome this problem, the silicon sub-
strate atoms were divided into the following three groups. All atoms up
to a distance of 13 A from the substrate bottom were constrained to
simulate a semi-infinite substrate and to fix the substrate position. The
atoms in the next 20 A were assigned thermostat status, forming a heat
bath that equilibrated the system to the nominal temperature of 300 K
within 2 ps after each carbon atom impingement. Finally, the remaining
atoms at the top region of the model were divided into two subgroups,
that is, the atoms inside a cylinder located at the center of the cross-
sectional plane of the model were fully unconstrained, whereas the
atoms outside this core cylinder were assigned thermostat status and
were included in the foregoing heat bath. To simulate film growth on a
large substrate, periodic boundary conditions were applied to the lat-
eral faces of the MD model. On the completion of the simulated film
growth, a post-deposition relaxation step was used to allow the system
to equilibrate at 300K in 20 ps.

After the simulation of film growth, the a-C film with the highest sp>
content was subjected to thermal annealing for 50 ns by raising the heat
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® Free atoms
® Thermostat atoms
Fixed atoms

Fig. 1. A perspective view of the Si substrate model. The yellow atoms at the
bottom of the model are fixed to simulate a semi-infinite substrate. The red
atoms comprise a Berendsen heat bath that is used to control the temperature of
the whole model. The blue atoms surrounded by the thermostat atoms are fully
unconstrained.

bath temperature. In both film growth and annealing simulations, the
damping time assigned to the heat bath was fixed at 100 fs and the time
step was set at 0.5 and 0.1 fs, respectively. All the MD simulations were
performed with the LAMMPS code.

Atomic interaction in the Si-C system was modelled with the Tersoff
interatomic potential E, given by [26,27]

E= ZE1= %ZU,J
1

i#j (€8}
Uy = fe(ry) [fr(ry) + byfalry] )

where E; is the potential energy of atom i, Uj; is the bonding energy
between atoms i and j, 1;; is the distance between atoms i and j, fz and fo
are repulsive and attractive two-body potentials, respectively, and b;; is
the so-called bond order that represents the bond strength in the local
environment, i.e., the bond strength of atoms with a larger number of
neighboring atoms is characterized by a lower potential energy. The
Tersoff parametrization detailed elsewhere [26,27] was used to model
the Si-C system.

The film stress was calculated as a per-atom-based stress tensor that
includes virial and kinetic energy contributions due to interatomic in-
teractions, expressed by [28]

i 1

i a.b agb
Oap = - E Fijrij + myviv;
J

3)
where o, are components of the stress tensor of atom i, V' is the atomic
volume assigned to atom i, F;; is the force exerted to atom i by atom j, m;
is the mass of atom i, and v; is the velocity of atom i. For ultrathin films,
the out-of-plane normal stress o, is negligibly small compared to the in-
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plane stresses 0y, and oyy, which control the internal stress in the film.
The magnitude of the hydrostatic (or mean) stress can be associated
with the hybridization state. Specifically, a high compressive hydro-
static stress correlates to high sp® fraction, whereas a tensile hydrostatic
stress favors sp®> hybridization and may also contribute to film
delamination. Thus, the in-plane and hydrostatic stresses not only affect
the a-C film structure but may also impact its mechanical integrity.
Consequently, these stresses were used in the present analysis to
quantify the effects of deposition energy and annealing temperature on
the film internal stress. Using Eq. (3), the hydrostatic stress o}, and the
in-plane stress o, were computed using the following relations

Oxx + Oyy + Oz
3V ()]
Oxx + Oyy
Y %)

where V is the volume of a given domain and oy (k = X, y, z) represents
the summation of corresponding tensor components of all the atoms in
the particular domain. The hydrostatic and in-plane stresses were cal-
culated by averaging the atomic stresses in 1-A-thick horizontal slices at
various depths from the film surface. The slice volume was computed
by multiplying the horizontal cross-sectional area of the model
(2310\ X 23 /0\) with the slice thickness (1 Io\).

Oh =

Up:

3. Results and discussion

The a-C films grown under conditions of deposition energy in the
range of 1-120 eV (Fig. 2) demonstrated significant differences in both
the morphology and structure (hybridization state). Deposition energy
of 1 eV is typical of gas-phase film growth processes, such as evapora-
tion and physical/chemical vapor deposition, whereas deposition
energy in the range of 20-120 eV is typical of film growth processes that
use energetic particles as film precursors, such as filtered cathodic
vacuum arc deposition. The hybridization state can be quantified by the
atomic coordination number of an atom, defined as the number of its
nearest neighboring atoms. A coordination number equal to 4, 3, and 2
indicates sp°, sp?, and sp' (linear) atom hybridization, respectively. An
extremely small number of under-coordinated atoms with coordination
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Fig. 2. Simulated a-C film growth on a
Si(100) substrate for carbon atom de-
s 2 C position energy equal to (a) 1, (b) 20,
p (c) 80, and (d) 120 eV. The dark blue
Sp3 C circles and the cyan circles represent
Sl silicon and carbon atoms with co-
ordination number N =1, respec-
C (N=1 ) tively. The two black horizontal lines
indicate the position of the substrate
surface.

sp' C

10 A

number equal to 1 may also exist at the film surface. Very low de-
position energy (1 eV) produced a relatively thick a-C film dominated
by sp? hybridization [Fig. 2(a)]. Alternatively, a thinner, denser, and
significantly rich in sp* hybridization a-C film was deposited when the
deposition energy was increased to 80 eV [Fig. 2(c)], while the films
synthesized under conditions of moderate (20eV) and high (120eV)
deposition energy, Fig. 2(b) and (d), respectively, demonstrated
medium levels of sp® hybridization. A comparison of the simulation
results shown in Fig. 2 indicates that the a-C film with the highest sp>
content corresponds to deposition energy of 80 eV. From an analysis of
the MD data, the sp® content of the a-C films for deposition energy equal
to 1, 20, 80, and 120 eV was found equal to 11%, 22%, 48%, and 32%,
respectively. The implantation of energetic carbon atoms in the silicon
substrate resulted in the formation of an intermixing layer acting as an
adhesive layer between the film and the substrate. Fig. 2 also shows
that the thickness of the intermixing layer increased with the deposition
energy. This is an intrinsic characteristic of deposition processes
wherein the film precursors are energetic particles. The deposition
energy of 80 eV that yielded the highest sp® content is within the ex-
perimental deposition energy range (60-100 eV) of a-C films possessing
maximum sp® contents [29]. The latter provides supporting evidence
for the appropriateness of the present MD model for the a-C/Si system.

Fig. 3 shows the effect of deposition energy on the distribution of
the hydrostatic and in-plane stresses through the thickness of a-C films
for deposition energy in the range of 1-120 eV. The zero depth position
corresponds to the substrate surface; thus, all depth positions men-
tioned below have been measured from the substrate surface. A tensile
stress field exists throughout the a-C film grown under conditions of
deposition energy equal to 1 eV. At higher deposition energy, however,
only the near-surface region of the a-C film is under tension (surface
tension effect), whereas the bulk and intermixing layers are under
compression. The consequence of deposition energy on film stress can
be explained by considering its effect on film densification and hy-
bridization. Specifically, low deposition energy (1 eV) does not induce
energetic atom bombardment, which is a precursor to densification and
the development of a compressive stress; consequently, the film struc-
ture is dominated by sp? hybridization and the stress is tensile. On the
other hand, higher deposition energy (=20 eV) promotes densification
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Fig. 3. Depth distributions of the hydrostatic and in-plane stresses in a-C films for carbon atom deposition energy equal to (a) 1, (b) 20, (c) 80, and (d) 120 eV. The

zero depth position represents the substrate surface.

and, in turn, the development of a compressive stress state that favors
sp hybridization. Importantly, densification at the film surface is lim-
ited due to less pronounced energetic atom bombardment of the top-
most atomic planes of the growing film. As a result, the film surface is
predominantly sp? hybridized and the stress is tensile. Deposition en-
ergy of 80 eV produced the highest compressive stress in the film. The
evolution of a dominant compressive stress field is a consequence of the
bombarding effect of energetic carbon atoms. For 80eV deposition
energy, the maximum hydrostatic and in-plane stresses occur at a depth
of 6 A above the substrate surface and are equal to -14.2 and —21.3 GPa,
respectively. Nevertheless, both hydrostatic and in-plane stresses de-
crease with the increase of deposition energy to 120 eV, showing the
same trend with the sp> content. The internal stress predicted by the
MD model is consistent with the experimental results of a previous
study [30], where the internal stress of a-C films with 50% sp> content
was found to be equal to about -16 GPa. It is known that energetic
carbon atom bombardment produces a multilayered film structure
consisting of intermixing, bulk, and surface layers [31]. In the present
study, the boundaries of each layer were determined from the sp® dis-
tribution through the film thickness. Specifically, the boundaries of the
intermixing and surface layers with the bulk layer existing in the middle
region of the film and possessing the highest sp® content where iden-
tified by the instigation of a sharp decrease in the sp® content. The
formation of Si-C bonds in the intermixing layer and the short bom-
bardment of the structure of the surface layer are responsible for the
lower sp3 content of these layers [32]. The stress distributions for de-
position energy in the range of 20-120eV [Fig. 3(b)-(d)] demonstrate
through-thickness variation similar to that of the sp> content, indicating
the existence of a correlation between local stress and local sp> content.

Although the simulation results shown in Fig. 3 provide insight into
the effect of deposition energy on the development of film stress, they
do not reveal how the film stress and structure evolve during the film
growth. An advantage of the MD analysis is that it can capture the
progression of the structure and internal stress in the modeled system.
Consequently, spatiotemporal distributions of the foregoing quantities
were obtained from 1-A-thick horizontal slices used to compute the
average in-plane stress, sp> content, and number of carbon atoms at

various depths during the film growth process. Fig. 4 shows simulation
results revealing changes in the in-plane stress, sp® content, and number
of carbon atoms versus time at depth locations in the a-C film of 3, 6,
and 9A above the substrate surface for deposition energy equal to
80 eV. Considering that the film growth simulation comprised the se-
quential deposition of 2000 carbon atoms, the 0.4 ns time scale in the
plots of Fig. 4 is equivalent to 200 new incident carbon atoms, whereas
the time range of =4 ns represents post-growth relaxation. Fig. 4(a) and
(b) show similar temporal variations of the in-plane stress and sp>
content; however, the time for the average sp° content at each depth
position to stabilize appears to be longer than that for the average
number of carbon atoms to stabilize at the same locations [Fig. 4(c)].
For instance, the average number of carbon atoms at a depth position of
3 A stabilized after ~ 2 ns, whereas the average sp® content at the same
location stabilized after ~3.2ns. The stabilized average number of
carbon atoms at a given location indicates local carbon saturation.
However, the former was not conducive to high sp® hybridization at a
specific location because the constraint provided by material from
above was not adequate to effectively prevent stress relaxation because
carbon atom deposition was still ongoing. This is evidenced from
Fig. 4(b) and (c) showing that a maximum sp3 content was reched at the
3 A depth position only after the instigation of carbon atom saturation
at the 6 A depth position. Further insight into the deposition process can
be obtained by considering the temporal variation of the average
number of new incident carbon atoms at various depth positions
[Fig. 4(d)]. From Fig. 4(b) and (d), it may be inferred that the sp3
content at the 3 A depth position reached a maximum after 3.2 ns when
virtually no more incident carbon atoms arrived at that location.
Nevertheless, the sp® content at the 9A depth position continued to
increase because there were still new incident carbon atoms arriving at
this location even after 4 ns. Consequently, it may be interpreted that
new incident carbon atoms formed new sp® sites when a spatial con-
straint was imposed by atoms depositing above the particular location,
resulting in both higher compressive stress and higher sp> content in
deeper film regions.

As mentioned earlier, a-C films with sp>-rich structures are desirable
protective overcoats. For this reason, the structural stability of a-C films
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Fig. 4. Temporal variation of the average (a) in-plane stress, (b) sp® hybridization content, (c) number of carbon atoms, and (d) number of new incident carbon atoms
at depth positions of 3, 6, and 9 A above the substrate surface for carbon atom deposition energy equal to 80 eV.

Table 1
Average in-plane stress and sp> content of a-C film deposited at 80 eV obtained
before and after thermal annealing in the temperature range of 150-450 °C.

Annealing temperature (°C) Average film properties

In-plane stress (GPa) sp> hybridization (%)

0 -14.3 48
150 —-14.1 47
200 —14.6 46
250 —-14.2 39
300 —-12.5 37
350 -12.0 33
450 -11.8 31

in elevated-temperature environments is of high importance.
Consequently, thermal annealing simulations of the a-C film with 48%
sp> hybridization grown under conditions of deposition energy equal to
80 eV were performed to investigate thermally-induced effects on the
internal compressive stress, which is a prerequisite for the formation
and stability of sp>hybridized domains. Table 1 shows that both the
average in-plane stress and sp® content of the a-C film sharply decreased
with the increase of temperature to 250 °C and beyond, indicating that
the critical temperature that defines the thermal stability of the
particular a-C film is close to 250 °C. Fig. 5 shows in-plane stress dis-
tributions through the thickness of the a-C film with 48% sp® hy-
bridization (deposition energy = 80eV) obtained before and after
thermal annealing at 150 and 450 °C. The vertical dashed lines show
the boundaries between the intermixing, bulk, and surface layers
comprising the a-C film. It can be seen that heating resulted in stress
relief, especially at 450 °C. In particular, the maximum compressive in-
plane stress of -21.3 GPa at the ~6 A depth position decreased to ~18.2

and -16 GPa after heating at 150 and 450 °C, respectively. The stress
relief is more pronounced in the sp>rich bulk layer of the a-C film.
Because the in-plane stress correlates with the hybridization state in the
a-C film, with compressive and tensile stresses favoring sp> and sp?
hybridization, respectively [33], the decrease of the compressive in-
plane stress due to thermal annealing can be associated with the si-
multaneous decrease of the sp® content. This explains the trend of the
in-plane stress and the sp® content with increasing temperature re-
vealed by the data given in Table 1. The thermally-induced decreasing
trend of the sp® content observed in the present simulations is con-
sistent with the findings of a thermal annealing study of a-C films [34].

Further insight into the effect of thermal annealing on the evolution
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Fig. 5. Depth distribution of in-plane stress in the a-C film with 48% sp> hy-
bridization content (carbon atom deposition energy = 80 eV) before and after
annealing at 150 and 450 °C. The boundaries of the intermixing, bulk, and
surface layers are shown by vertical dashed lines.
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of the film stress can be obtained in the light of the simulation results of
stress change shown in Fig. 6 for the a-C film with 48% sp°® content
(deposition energy = 80 eV). The change in stress averaged through the
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film thickness versus annealing temperature [Fig. 6(a)] reveals the
existence of a critical temperature for stress relief of ~250-300 °C,
consistent with the data given in Table 1. The different critical tem-
perature ranges of stress relief (250-300 °C) and sp® drop (200-250 °C)
are attributed to the increase of the thermal stress with annealing
temperature and the simultaneous decrease of the intrinsic stress due to
thermally-induced sp®*—sp? rehybridization, leading to the decrease of
the internal stress, which is the sum of the thermal and intrinsic
stresses, in a slightly higher temperature range compared to the sp®
drop. The change of the compressive in-plane and hydrostatic stresses
with increasing temperature follows a similar trend, characterized by a
sharp decrease between 250 and 300 °C. In the temperature range of
300-450 °C, the change in average in-plane and hydrostatic stress is in
the range of 12.7-16.8% and 9.4-16.7%, respectively. Fig. 6(b) shows
the average in-plane stress change in each layer of the a-C film versus
temperature. The in-plane stress in the sp>-dominated structure of the
intermixing and surface layers shows very small changes due to the
temperature variation compared to the sp>-rich bulk layer. Specifically,
heating at 300, 350, and 450 °C caused the average in-plane stress in
the bulk layer to decrease by 3.7, 3.6, and 4.5 GPa, i.e., 15.6%, 15%,
and 22%, respectively. These results indicate that, although the stress
changed throughout the film thickness, the stress relief was more pro-
nounced in the bulk layer. Because a high compressive stress is a pre-
requisite for sp> hybridization, as confirmed by a previous experimental
study [35], it may be inferred that the decrease of the compressive in-
plane stress in each layer of the a-C film correlates to the corresponding
decrease in sp> content.

As mentioned earlier, a major advantage of the MD analysis is that it
can provide insight into the spatiotemporal variations of the internal
stress and structure of the modelled system. Fig. 7 shows the average in-
plane stress in the surface, bulk, and intermixing layers of the a-C film
with 48% sp® content (deposition energy = 80eV) versus annealing
time at various temperatures. The evolution of the in-plane stress in the
three layers is consistent with the results shown in Fig. 6(b), illustrating
significant stress changes in the bulk layer at 300, 350, and 450 °C. The
stress relief during thermal annealing can be attributed to two si-
multaneously occurring processes, namely sp>—sp? rehybridization
and atomic migration. Although the volume of sp? sites is larger than
that of sp> sites, the in-plane size of sp? sites is smaller due to the
shorter bond length [30]. Consequently, the sp>—ssp? rehybridization
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Fig. 7. Average in-plane stress in the surface, bulk, and intermixing layers of the a-C film with 48% sp® hybridization content (carbon atom deposition
energy = 80 eV) versus annealing time for temperature equal to (a) 150 °C, (b) 200 °C, (c) 250 °C, (d) 300 °C, (e) 350 °C, and (f) 450 °C.
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contributes to the film stress relief from a volumetric change stand-
point. The atomic rearrangement of sp? sites can lead to a volume de-
crease at the expense of a small decrease in sp3 content [30,36]. The
significant decrease of the sp® content after thermal annealing at a
temperature of =250 °C revealed by the MD simulations of this study
indicates that sp>—sp? rehybridization was the major contributing
factor to the stress relief in the a-C film. Nevertheless, the role of atomic
rearrangement in thermally-induced stress relief needs further in-
vestigation.

The effects of the deposition energy and annealing temperature on
the nanostructure and internal stress of the a-C films observed in the
present analysis should be qualitatively similar for other substrate
materials. Although the substrate may affect the nanostructure and
properties of the intermixing layer, the effect on the bulk and surface
layers of the a-C film is rather secondary in deposition methods invol-
ving energetic atom bombardment. In addition, the findings of an op-
timum deposition energy for sp>-rich a-C film growth, the existence of a
critical temperature range of film stress relief, and the variation of the
film stress with the annealing temperature, should also be applicable to
different substrate materials, as shown by the existence of an optimal
deposition energy for a-C film growth on diamond [25], for example.

It is well established that the development of a compressive stress in
a-C films synthesized by deposition methods wherein the film
precursors are energetic particles is a consequence of the intensive
bombardment effect. An important contribution of this study is the
elucidation of the underlying factors affecting the evolution of com-
pressive stress in ultrathin a-C films, the correlation of film stress with
sp> hybridization, the dependence of the former on local carbon atom
saturation, and the stress relief above a critical temperature. The latter
reveals the existence of an energy barrier that stabilizes the
compressive stress in the a-C film, primarily in the sp>-dominant bulk
layer. Consequently, thermal annealing provides the energy needed to
overcome the energy barrier for relaxing the compressive stress
generated in the film during the deposition process [36].

4. Conclusions

The origins of internal stress in ultrathin a-C films synthesized by
energetic particle bombardment processes and the effect of thermal
annealing on stress relief were examined in the light of MD simulation
results. It was shown that the high compressive stress generated in the
films correlates with the amount of sp® hybridized atomic carbon,
especially in the sp®rich bulk layer of the multilayered a-C film
structure. Importantly, a high compressive stress, which is a precondi-
tion for high sp® hybridization, emerges at a film location only when the
incident carbon atoms at that location have been spatially constrained
by the carbon-saturated atomic plane from above. For a-C films with
48% sp° hybridization, a significant stress relief was encountered after
thermal annealing at a temperature of =250 °C. Simulations confirmed
that the stress relief mainly commenced in the bulk layer of the a-C film
and that the internal stress of the annealed a-C film decreased rapidly,
suggesting that film stress relaxation is a very fast process. The two
main mechanisms responsible for the stress relief during thermal an-
nealing were found to be sp>—sp? rehybridization and atomic mi-
gration. The results of this MD study provide insight into the spatio-
temporal evolution of internal stress in ultrathin a-C films and the
underlying physics that correlate the distribution and magnitude of
internal stress with structural changes activated by thermal annealing.
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