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Mechanisms for the behavior of carbon films during annealing
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The effect of annealing on &m thick single and multilayer amorphous carb@aC) films prepared by
filtered cathodic arc is investigated. Single layer films, withp& to sp® bonding fraction of approximately
50% increase their level of compressive stress following annealing. Multilayer films—consisting of alternating
layers of highsp® fraction (tetrahedral amorphous carbon, ta@®d intermediatep® fraction show a decrease
in compressive stress following annealing. Using cross-sectional transmission electron microscopy, we show
that the single layer films and the intermediat# layers in the multilayer films develop a strong preferred
orientation with graphite-like layers aligned perpendicular to the film surface. The ta-C layers in the multilayer
films develop the opposite preferred orientation near their top interfaces. We conclude that these preferred
orientation effects are linked to the stress profile of the structures. We propose an underlying mechanism for the
annealing effects o&-C films based orab initio calculations. In order to minimize total energy, intermediate
sp® films will either decrease thesp® fraction and generate stress or increase thgirfraction and relieve
stress. On the other hand, higp? films retain their highsp® fraction following annealing.
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I. INTRODUCTION crostructural studies using transmission electron microscopy

The reduction of stress in amorphous cartjerC) films ~ (TEM) and electron energy loss spectroscaffLS). We
is important for practical applications. Tetrahedrally bondedfirSt study the effects of annealing on relatively thick single
amorphous carborta-C)! has applications as a hard, wear layer films of mterme@atespﬁ fraction prgpared using ion
resistant coating, and potentially as an electronic materiaPombardment during film growth. In addition, we study the
The high level of intrinsic compressive stress limits the@nnealing behavior of multilayer carbon film consisting of
thickness of ta-C films to approximately 100 nm. Recentintermediatesp® fraction alternating with layers of higbp®
work has shown that the use of pulsed biasing during depdraction(ta-C). These multilayer structures provide an oppor-
sition can be used to control stréskalthough this is accom- tunity to investigate the behavior @i-C of different sp’
panied by a reduction in thep? fraction. Another method of fractlor_1 subjected to precisely the same annealing treatment.
reducing the stress which can be used after deposition i particular, we can study the development of preferred ori-
annealing at temperatures between 200 and 766*&uUn-  entation in the absence of ion bombardment. As a means of
der some conditions, thep? bonding fraction of ta-C can be investigating the energetics of the annealing process, we ap-
retained during this annealing st&.Films with intermedi- ~ Ply additional results from previously publisheab initio
atesp® content, in the region of 50%, show a very different molecular dynamics calculatiolisto low, intermediate, and
behavior in which there is strong stress generation rathdfigh sp® fractiona-C.
than stress relie¥’ There is no widely accepted mechanism

to despnbe this variation in stress for different typesae® Il EXPERIMENTAL AND THEORETICAL METHODS
following annealing.
In previous work ora-C of low to intermediatesp® frac- Films were deposited on silicon substrates using a filtered

tion prepared under ion bombardment, a preferred orientacathodic vacuum arc system which is described in detall
tion in graphite-like layers has been obserVethis pre- elsewheré? A 99.999% pure graphite target was employed
ferred orientation results in the layers aligning themselves irwith an arc current of 70—80 A. The silicon substrates were
the direction parallel to the direction of the incident ionsplaced in the deposition chamber and pumped down to a
(normally normal to the surfageThere is debate as to the base pressure of better thaxx30™ Pa. The deposition sys-
driving force behind this phenomenon in carbon and relatedem was also equipped with a plasma immersion ion implan-
materialst® One view is that it is essentially a response to antation systengPlIl),> which allows pulsed high voltage to be
anisotropic stress field to minimize elastic strain engtgy supplied to the substrate. Prior to film growth, the silicon
and another view is that it arises principally from dynamicsubstrates were cleaned using an Ar plasma. Two types of
processes such as selective sputtering or ion channéling. thick amorphous carbon samples were prepared. First, an ap-
In this work we examine the effects of annealing on pre-proximately 1xm thick amorphous carbon sample was pre-
ferred orientation ira-C films by carrying out detailed mi- pared by applying a 3 kV, 2as pulse at a frequency of
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600 Hz to the substrate. A second film of similar thickness 289
was also prepared in the form of a multilayer with 20 alter- 264 @ —
nating low and high density layers. The low dengiityter- 9l n
mediatesp’ fraction) layers nominally 38 nm thick were pre- o Y
pared with pulse parameters of 3 kV, 600 Hz, andu25 221
The high density(ta-C) layers nominally 76 nm thick were 2.0
prepared without PIII under floating bias conditions. 18 d
The intrinsic stress in the deposited films was determined &
from the curvature of the substrate and applying Stoney’s & '€ Single Layer
equation'® The annealing was performed using a rapid ther- @ 144 @ 200°C Anneal
mal annealing system with a base pressure of*P@. & 12] —=— 600°C Anneal
Samples were annealed at 200 and 600°C for up to 7 min. 1
Samples were prepared for cross-sectional TEM by initial 107
mechanical polishing using a tripod polisher, and finally thin- 0.8
ning to electron transparency using a GATAN dual ion mill 0.6
model 600 ion beam thinner as well as a GATAN precision 04 =
ion polishing system model 691. The samples were then ana- '
lyzed using a JEOL 2010 TEM operating at 200 kV. EELS “1 =
was performed using a GATAN imaging filter. The fraction 424 { )
of sp? bonded carbon atoms was calculated from the carbon 40 \ Multlayer sample
K edge as described elsewhéfe. 38 \ @ 200 ©Anneal
In this paper, we apply results from previoab initio 36.] \ =600 °C Anneal
Car-Parrinello molecular dynamics liquid quench simula- & ., ] \
tions ofa-C.13 In particular, we calculate the energy/atom at & 5] \
the various densities simulated after correcting to account for ‘g o \\
finite basis set effects. The zero of energy was taken to be the £ 301 |
energy per atom of a crystalline diamond calculation per- ¢ 284 @ °
formed under the same simulation conditions. 261 \\\
244 Y
Ill. RESULTS AND DISCUSSION 2-2-_ \\\
\
A. Single layer samples 207 l\
. . 187 (b) u
Figure Xa) shows the compressive stress for the as- 16 : . : , : . :
deposited single laya-C film, and the stress following an- 0 2 4 6 8

nealing at temperatures of 200 and 600°C as a function of Annealing Time (min)

annealing time. The stress was observed to, increase signifi- FIG. 1. The intrinsic stress of th€a) as-deposited single layer
Cant_ly at both temperatures, even for annealing times _Of Onl)énd (b) multilayer films as a function of annealing time and

2 min, and then the stress asymptotes to approximatelymperature.

2.4 GPa at both annealing temperatures. Therefore, during

annealing, the stress level has increased by approximateBach case so that the arcs reveal the presence of a strong
2 GPa. This effect has been observed previously for films opreferred orientation of graphite-like layered structures with
intermediatesp® fraction’ and is at first sight a surprising their planes perpendicular to the film surface. This result is
result since the spontaneous appearance of elastic strain esignificant to the debate on the origin of similar preferred
ergy appears to violate the principle that free energy shouldrientation ina-C and boron nitride developed under ion
be minimized. beam bombardment. Such an orientation occurs, for ex-

Figure 2 shows cross-sectional TEMTEM) images of ample, when glassy carbon is ion implarftethd has been

the single layefintermediatesp®) a-C films both before and observed in boron nitride filM%2° grown under ion impact.
after annealing to temperatures of 200 and 600°C. The film§he debate is centered on whether the preferred orientation
were found to be largely uniform in thickness and Table larises as a response to the biaxial compressive stress field
shows the average change in film thickness following angenerated by the ion impacts or from dynamical effects as-
nealing. It was found that for the single layer film, there wassociated with the bombardment itself. The result presented
an increase in film thickness of 6£2.5% following annealing.here clearly rules out the latter. The preferred orientation
Also shown in Fig. 2 are selected area diffraction patternglevelops in the absence of any ion bombardment, consistent
taken from each film. The diffraction pattern from the as-with it being a response to the spontaneously appearing com-
deposited sample shows the typical diffuse ring pattern expressive stress.

pected from an amorphous sample. After the 600°C anneal Figures 8a) and 4a) compare the low loss and Kedge
the diffraction pattern exhibits strong arcs on the rings in theEELS spectra for the as deposited and 600°C annealed
vicinity of the graphite-like{002} reflections. The diffraction samples. The presence ofra-7" feature at about 5 eV and
patterns are correctly aligned with respect to the image ira sharp Is—7" peak at 285 eV following annealing reflect
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200°C, the plasmon energy decreases to 25.7 eV and the
sp+sp’ bonding fraction increases to 60%. After annealing
at 600°C, the plasmon energy is found to be similar at
25.8 eV while thesp+sp? bonding fraction is increased fur-
ther to 80%. The EELS results are consistent with an in-
crease irsp’ bonding within the layer as the annealing tem-
perature is increased. An increase s bonding should
result in a decrease in film density, which is reflected in the
decrease in plasmon energy from the initial value. We pro-
pose that the increase in stress is a direct result of this de-
crease in density, which leads to an increase in the volume of
the film. The film is attached to the substrate but can flow
upwards as it has a free surface. After the expansion a biaxial
compressive stress will appear in the plane of the film corre-
sponding to the yield stress required to induce the upward
flow. Dark field images taken with an objective aperture po-
sitioned over one of the preferred orientation arcs shown in
the diffraction pattern for the 600°C annealed sanjplig.

2(c)] showed oriented graphite-like regions are scattered
through the entire film thickness. These oriented graphite-
like regions develop as a response that helps to reduce the
buildup of strain energy in the biaxial stress fiéld.

B. Multilayer samples

Figure 1b) shows the compressive stress for the as-
deposited multilayer film, and the stress following annealing
at temperatures of 200 and 600°C as a function of annealing
time. In contrast to the single layer case, the stress decreases
significantly from 4.3 to approximately 2.8 GPa following
annealing at 200°C and approximately 1.8 GPa following
annealing at 600°C. The stress level of the as deposited film
is an average of the intrinsic stress present in the ta-C layers,
approximately 9 GPaand thea-C layers of 0.5 GPa as re-
ported in Sec. lll A. This gives a value of 4.25 GPa, close to
the measured values of 4.3 GPa for the multilayer film. Ac-
cording to reports in the literatufethe stress level in the
ta-C should decrease to 0.1 of its initial value after the
600°C anneal. Thea-C layer will increase its stress to
2.4 GPa(according to Sec. lll Agiving an overall value of
1.65 GPa. This is in good agreement with the measured
stress level of the multilayer film.

Figure 5 shows XTEM images and diffraction patterns
from the multilayer films both before and after annealing. A

FIG. 2. Cross-section TEM images and selected area diffractioseries of alternating dark and bright bands are clearly visible
patterns from(a) the as-deposited single layer film and the single within the film corresponding to layers produced with and

layer film following annealing atb) 200°C and(c) 600°C for

without PIII. Diffraction patterns from each film are also

7 min. The arrow in(c) indicates the preferred orientation arc at the shown and demonstrate the development of preferred orien-

location of the graphite-lik§002} reflection.

tation, similar in nature to that observed in the case of single
layer films.

the growth of graphite-like layers. Table | summarizes the EELS analysis was performed on the multilayer samples
results of the EELS analysis on each of the carbon films. Thand the results for the as deposited and 600°C samples are
plasmon energy may be used to approximate the volumehown in Figs. 3 and 4. In addition, some of the key proper-
density?! Table | lists the volume densities calculated fromties are summarized in Table I. In the as-deposited sample,
the plasmon peak positions assuming four valence electrortbe dark bands associated with layers produced without PlII
per atom and using a calibration factor which has been foundere found to have a plasmon energy of 29.5 eV and an
to work well for graphite and diamorfd.The as deposited sp+sp’ fraction of 35%, indicating that the dark layers have
film was found to have a plasmon energy of 26.9 eV and a high density and a high proportion of diamond-like bond-
sp+sp? bonding fraction of 50%. Following annealing at ing. The bright layers were found to have a plasmon energy
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TABLE I. Summary of the samples examined and some important experimentally determined parameters. The change in layer thick-
nesses following annealing was calculated by averaging measurements from several locations on each sample. The density was estimatec
from the plasmon peak position and thg? bonding fraction measured from the carbi¢éredge using EELS.

Change in layer Plasmon peak

Annealing temp  Stress thickness position Density Fraction of
Sample type (°C) (GPa Layer type (£2.5%) (eV) (0.2 (g/c?)  sp? bonding(+0.05
Single layers — 0.6 — — 26.9 2.3 0.50
200 2.2 — +4% 25.7 2.0 0.60
600 25 — +6% 25.8 2.1 0.80
Multilayers 43 High density — 29.5 2.7 0.35
' Low density — 27.0 2.3 0.50
. . 10
200 27 High denglty 4% 29.7 2.7 0.30
Low density +10% 25.9 2.1 0.60
. . 0
600 18 High dens.lty 0% 30.0 2.8 0.25
Low density +20% 25.8 2.0 0.75

of 27.0 eV and @p+sp’ bonding fraction of 50%, consistent density layers immediately next to the interface with high
with the as-deposited single layer film which was preparediensity layers. These correspond to an especially strong ori-
under identical conditions. Following annealing, the low entation of graphite-like layers perpendicular to the film sur-
density layers develop a—=" peak and sharpsk-7" peak face. A high resolution image taken near the interface be-
that was observed in the single layer films. The plasmonween bright and dark layers is shown in Fig. 7. Near this
energy of the low density layers decreases to 25.8 eV and thaterface, a line 0f002} graphite-like fringes can clearly be
sp+sp’ bonding fraction increased to approximately 75%,observed.
again following the trend found in the case of the single layer A schematic of the observed preferred orientations is
film prepared under similar conditions. shown in Fig. 6c). These observations are a consequence of
In the case of the high density layers, §y@+sp’ bonding  the stress-distance relation in Figdp developed from the
fraction reduces and the plasmon peak energy increasé&mowledge of the annealing behavior of single layers of each
slightly following annealing. This result is consistent with material. The low density layers after annealing have devel-
previous work which showed that ta-C is resistant to majoroped a high level of compressive stress whilegpefraction
structural change for annealing up to 600%€The increase has increased. In order to accommodate this increase in stress
in plasmon peak position following annealing indicates thatthe orientation of the graphite-like crystallites will be such as
some structural rearrangement has occurred which results to minimize their strain energy as in the single layer case.
an increase in the density and diamond-like bonding. This energy minimization is particularly strong near the in-
Table | provides information on the average changes inerfaces and allows a rapid reduction in stress at the inter-
low and high density layer thicknesses in the multilayer filmface. Note that the surface of a single layer has a different
following annealing. The thickness of the high density layersboundary condition than the interfaces in a multilayer struc-
remains relatively constant while the low density layers beture. While vertical movement is allowed in both cases, bur-
come thicker. After annealing at 600°C, the low density lay-ied interfaces are constrained laterally. This is only important
ers swell by about 20%. This result is consistent with thewhen comparing the very surface of a film with an interface.
decrease in the density of these layers indicated by the re- Just inside the high density layers, the stress falls to very
duction in their plasmon energy. low levels, allowing the opposite orientation of graphite-like
Figure §a) shows a dark field image of several layerslayers to occur. Equivalent dark field images taken from the
from the 600°C annealed sample taken with an objectivesame positions on thg02} ring of the as deposited sample
aperture positioned over one of the preferred orientation arcevealed no evidence of preferred orientation. However, it is
shown in the diffraction pattern for Fig.(®. This figure likely that graphite-like layers oriented parallel to the surface
shows that as for the single layer case, graphite-like strucexist on the top surface of ta-C layers immediately after
tures oriented with planes perpendicular to the film surfacerowth since this orientation is expected to have the lowest
are scattered throughout the interior of the low density laysurface energy.
ers. Figure @) shows a dark field image with the aperture
positioned on th€ 002} ring at a position 90° to the arc. The
thin bright lines shown in Fig. ®) correspond to the case in
which graphite-like layers are aligned with their basal planes
parallel to the surface of the sample. This corresponds to the The total internal energy of a film can be written as a sum
lowest energy surface in graphite and is expected to occur af contributions from the bonding energy between atoms in
an interface or surface where there is a little strain energyn unstressed state and the elastic strain energy. The strain
present. Figure ®) also shows dark lines inside the low energy can be related to the volur(é), pressurgP), and

C. A mechanism for changes in stress and preferred
orientation in carbon films
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Single Layer Single Layer .
as deposited as deposited
600°C Anneal 600°C Anneal
(a) @)

Multilayer - Low Density Layers
Multilayer - Low Density Layers as deposited

as deposited 600°C Anneal

600°C Anneal e

Intensity (Arbitrary Scale)

Intensity (Arbitrary Scale)

(b)

(b) Multilayer - High Density Layers
; . : deposited
Multilayer - High Density Layers as o
as deposited i 600°C Anneal
600 °C Anneal f L
‘ k‘
L (©)
(c) 280 290 300 310 320 330 340 350
6 1'0 2'0 3'0 40 Energy Loss (eV)

Enecgyl.ossieV) FIG. 4. A comparison of the EELS spectra in the vicinity of the

FIG. 3. A comparison of the low loss EELS spectra for f®: C k edge for the(a) single layer andb) and (c) multilayer films
single layer andb) and(c) multilayer films before and after anneal- before and after annealing at 600°C for 7 min.
ing at 600°C for 7 min.
state of the interior. This will depend on the detailed micro-
bulk modulus(B), giving the following expression for the Structure and we expect the system to reconfigure after an-
total internal energy from thermodynamics: neaI|.ng in such a way that its total energy is reduced. When
the film is annealed while still attached to the substrate, the
VP? constraint on the film area also leads to the minimization of
Einternal= Ebonding‘*g- 1) the internal energy, but less work is done by the film in
expanding or contracting. The constraint may mean that the
Annealing at high temperature gives mobility to the atomsinternal energy contains some elastic strain energy contribu-
and allows the system to reduce its total internal energy. tion, both before and after annealing.
We first consider the case of a film being annealed in a Figure 8 shows the energy per atom relative to diamond
detached condition from the substrate. The only energy corfor a range of amorphous carbon networks produced using
tribution is then from the bonding energy of the unstressedb initio Car-Parrinello molecular dynamics liquid quench
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FIG. 5. Cross-section TEM image and selected area diffraction
patterns fron{a) the as-deposited multilayer film and the multilayer (@) |
film following annealing at{b) 200°C and(c) 600°C for 7 min.

FIG. 6. (a) Dark field image of the multilayer film annealed at
600°C taken using the preferred orientatig®02} arc shown in

calculations® These simulations were done under constanfi9: X©- (b) The corresponding dark field image taken from the
volume conditions and a hydrostatic pressérés present (002 graphitic ring at a position 90° from the ar) Schematic
after the quenching process. It is convenient to reduce aJFpresentatloq of the orientation ¢002} graphitic planes for the
simulations to a common stress state for comparison pu t%yers r?r:ﬁwrl] na a_md(hb). A‘?‘;emh of the stress distance relation
poses. This can be done by subtracting the strain energy term oH9n (€ 1AYETS 15 shown ).

of Eqg. (1) using an estimate of the bulk modulus, calculated The plot in Fig. 8 can now be used to predict how amor-
to be 310 GPa for a 2.9 g/chsimulation?® The resulting  phous carbon films of variowsp® fractions will behave after
internal energy without a strain energy contribution is alsoannealing. A film corresponding to point A in Fig. 8 of low
shown in Fig. 8. sp® fraction will, after annealing, move to an even loveg?
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FIG. 8. The energy per atom for a range of 125 atom amorphous
carbon networks produced usiad initio Car-Parrinello molecular
dynamics liquid quench calculatiofiRef. 13. The zero of energy
> is chosen to be the energy per atom of crystalline diamond calcu-

RS b S e S Sl B lated under the same simulation conditions. Also shown is the re-

FIG. 7. High-resolution image in the vicinity of a low density/ Sulling energy after subtracting the strain energy given by(Ex.
high density interface in the multilayer film annealed at 600°C.The movementdlreptlon for twp films with densities at points A and
Graphite-like {002} fringes with a spacing of approximately B are shown following annealing.

0.34 nm aligned perpendicular to the film surface can be seen run-
ning down this interface.

prepared lie close to point B and move as predicted to a
slightly higher density. There have been several previous at-
fraction, expanding and generating stress in the process. Thismpts to explain the stress relief in ta-C after annedlifig.
situation is illustrated in the case of the single lage€ film  Our model explains in a simple way the driving force behind
in this work, which has a density of approximately the stress release process and also explains the stress genera-
2.3 g/cnt (see Table)l After annealing, this film will reduce  tion process in films of intermediags® fraction. The model
its energy per atom and according to Fig. 8, this will result ing|so explains the stability of ta-C since there is a potential
a decrease in density and an increasephbonding. There  parrier betweersp® andsp? rich phases.
will be a corresponding increase in elastic strain energy |n a multilayer structure of layers consisting of alternating
which can be calculated using Eq,). The increase in stress |ayers indicated by points A and @ Fig. 8), the annealing
of 2 GPa observed in this case following annealing wouldyjj|| introduce large changes in stress, with the low density
result in an increase in the overall energy of only 6 ayers developing stress and the high density layers relieving
X 10°* eV/atom. Therefore, the energy penalty for generattheir stress. This leads to the large spatial variations in stress

ing stress as the structure rearranges into the lowest energstrated schematically in Fig.(8) which give rise to the
configuration is smaller than the energy release resultingpserved preferred orientation effects.

from the microstructural rearrangements.

The level of stress generated in this way is ultimately
limited by the amount needed to compress graphite planes to
diamond. Since the material is now definitely within the
graphite-like region of the amorphous carbon phase We have developed a model basedaminitio calcula-
diagram?3 there is a large stress barrier to overcome to comtions which explains experimentally observed changes in
press the layers together to form diamond. The stress leveatress and structure of amorphous carbon films following an-
required is on the order of 80 GP&Note that to form nealing in terms of minimization of free energy. The model
ta-C from incident ions this barrier does not need to be overpredicts that ta-C films will reduce their stress and retain or
come so that ta-C will form at a much lower value of stresseven increase their level sp® bonding. Films of intermedi-
than the barrier value. atesp? fraction are predicted to generate compressive stress

A film corresponding to point B in Fig. 8 moves to a and reduce their level ofp® bonding. The model also ex-
highersp® fraction, contracting and reducing any strain en-plains why the ta-C structure is stable following annealing.
ergy present. The high density layers in the multilayer film asWe have also observed the formation of preferred orientation

IV. CONCLUSION
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