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Abstract

Complex mechanical behaviour with phase transformation and high brittleness limits
the reliability of silicon-based microelectromechanical systems. Although very hard
ultra-thin films are being considered as protective overcoats to improve the service life
of substrate materials, their resistance to fatigue can be at least as important as hardness
when exposed to cyclic loading. In this study repetitive nano-impact tests with a
spherical diamond probe have been used to investigate the fatigue behaviour and
protective ability of 5 and 80 nm tetrahedral amorphous carbon (ta-C) films on silicon.
At the lowest load there was delamination of the 80 nm film but not for the 5 nm film.
At higher loads failure involved lateral cracking of the silicon substrate. Single impact
tests showed that this was preceded by ring and radial cracking. Changing contact
pressure during the test provided further support for the degradation mechanism and

the influence of phase transformation in the Silicon substrate. Under repetitive contact
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the thin film systems showed lower impact depth and greater impact cycles before
substrate fracture than the uncoated Silicon. This is related to their enhanced load
support which affects phase transformation in the substrate, with potentially

delamination providing an additional impact energy dissipation mechanism.

Keywords: nano-impact; tetrahedral amorphous carbon; ultrathin films; silicon; failure

mechanism

1. Introduction

Combining beneficial properties of high hardness, low friction, high wear resistance,
and excellent chemical inertness, diamond-like carbon (DLC) films have been used in
a wide range of industries [1-5]. For example, as protective coatings in silicon-based
microelectromechanical system (MEMS) technology in which the relatively high
brittleness and low fracture toughness at room temperature restrict their reliability under
mechanical stress [6-8]. Another important application of DLC films is to act as
overcoats for heads and magnetic media in hard disk and tape drive systems where the
protective layers should be resistant to wear and corrosion, but thin enough not to
impede the high density recording capability [9-12]. In both cases, film thickness is
usually in the range from 2-100 nm. Research into the protective ability of such ultra-
thin DLC coatings has employed a range of nanomechanical techniques including
nanoindentation, nano-scratch, nano-fretting and nano-wear tests [13-16]. Crombez et
al. [14] reported that the glass substrate coated with 2.2 nm DLC film showed
significant improvement in resistance to cracking, delamination, and chipping in the
scratch test. Using a diamond tip and SiO> microsphere tip mounted on AFM, Chen et
al. [15] reported that 2 nm and 5 nm DLC coatings on silicon substrate showed an
increased critical load for indentation damage, scratch and wear resistance than the
uncoated Si, with the thicker coating showing more durability in protecting the silicon

substrate.

In practical applications the film/substrate system will typically experience more
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complex loading conditions, where the hard coatings are more easily damaged by
frequent and high speed impact load [13]. A tailored measurement method is needed to
evaluate the fatigue properties and failure mechanism of ultra-thin coatings under
repetitive impact loads. Over the past decade nano-impact testing has been used to study
the localized impact fatigue behavior of a wide range of coatings such as nitinol-based
shape memory alloy thin films [17.18], polymers [19], amorphous carbon films [20-23]
and numerous other hard coatings [24-28]. In this test technique, repetitive high strain
rate indentation occurs at the same location, and the evolution of film damage can be
monitored in-situ, with a sharp increase in probe depth during the test typically
occurring on brittle fracture. Faisal et al. [22.23] explored the influence of test
methodology, indenter shape and impact loads on the failure mechanisms of 100 nm
DLC films by nano-impact and multiple-load cycle indentations, in which two types of
film failure were proposed based on the depth change at failure. The fracture properties
of 5-80 nm tetrahedral amorphous carbon (ta-C) films deposited on silicon were
investigated by repetitive nano-impact testing with a blunt Berkovich at impact load of
100-300 pN [21]. Under these conditions resistance to impact-induced fracture
decreased as the film thickness increased. The impact loads applied in these studies
were sufficiently low that the failure observed by the abrupt change in penetration depth
was mainly caused by the cohesive failure of the films and/or the adhesive failure at the
interface, without significant contribution from deformation or fracture of the substrate,
which can play a critical role on the contact damage of thin films systems. Bernoulli et
al. reported that to predict contact damage of DLC films of varying film thickness on
titanium it was necessary to take account of the elastic-plastic behavior of the ductile
substrate [29]. Borrero-Lopez et al. studied the effect of different substrates on the
contact damage of 1 pm DLC films by simulating quasi-static and sliding contact [30].
It was proposed that a compliant and soft substrate promotes the initiation of ring/cone
cracks on the film surface and propagate downwards towards the interface, while lateral
cracks initiate in the stiff and hard substrate and then propagate upwards into the film.
The presence of hard 5-80 nm tetrahedral amorphous carbon (ta-C) films can delay the

phase transformation behavior of the silicon substrate by providing load support under
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nanoindentation, nano-scratch and nano-fretting tests [31-34].

In this current study the behaviour of 5 and 80 nm ta-C films on Si under repetitive
impact with a spheroconical diamond probe has been compared to uncoated Si(100)
substrate under the same conditions. The main aims were (i) to determine whether the
thicker film would perform better, as it did in nano-scratch tests but not in previous
nano-impact tests at very low load with Berkovich indenter (ii) if there is a switch in
relative ranking in the impact tests under different conditions then why does this occur?
(ii1) to use a recently developed method for estimating the contact pressure evolution in
impact test to determine the impact fatigue mechanism (iv) to determine the role of
phase transformation of the Si substrate on the deformation process. The results will
help to improve our understanding of the mechanical response, damage tolerance and
failure mechanisms of Si-based MEMS devices operating under complex contact
conditions, and deformation mechanisms of silicon on single particle impact, as occurs

in abrasive jet micromachining [35].

2. Experimental

2.1 Preparation and characterization of ta-C films

The ta-C films with thickness of 5 and 80 nm (hereafter referred to as taC-5 and taC-80
respectively) were deposited on the single crystal silicon (100) substrate by filtered
cathodic vacuum arc method (FCVA, Nanofilm Technologies Pte. Ltd) as described
previously [21.31]. Prior to deposition, the silicon substrates were ultrasonically
cleaned with deionized water for 10 min, and then sputtered by dc argon 1on beam for
3 min to remove the native oxide from the surface. A pure graphite target (99.999 %,
70 mm diameter) was mounted onto a water-cooled copper block as the cathode. The
substrate holder was in floating bias and the chamber was under a base pressure of 1.33

x 10 Pa.

The thickness of the taC-80 was measured by a surface profiler, while the thickness of

the ultra-thin taC-5 coating was estimated based on the deposition rate [21]. The surface
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morphologies and surface roughness of the films was determined by atomic force
microscopy (AFM) (Bruker Co., German). Raman spectra in the range of 1100-2000

1

cm™ were obtained to investigate the bonding of GLC films by a Raman spectrometer

(inVia-reflex, Renishaw Co., UK) using an Ar+ laser of 532 nm.

2.2 Nano-indentation and repetitive nano-impact testing

A NanoTest system (Micro Materials Ltd, Wrexham, UK) was used for
nanoindentation and cyclic nano-impact measurements. Hardness (H) and elastic
modulus (£) measurements were from nanoindentation tests with a Berkovich diamond
indenter at applied loads of 0.1-10 mN, details of which have been reported
previously[34]. The measured reduced moduli (£;) were converted to Elastic moduli
using a Poisson’s ratio of 0.2. Nano-impact testing was conducted with the pendulum
impulse module [25], which allows precise control over the impact load and distance
with a high-speed datalogging capability in the 1-5HZ rang (Figure 1(a)). A
spheroconical diamond indenter with end radius ~4.6 um was accelerated from a
distance of 12 um above the sample surface to generate the impact using a solenoid
connected to a timed relay. Each impact cycle was completed in 4 s including 2 s load
on and 2 s load off time intervals (Figure 1(b)). The total testing time was 300 s
corresponding to 75 repetitive impacts applied at the same surface site. The applied
impact load was varied between 5, 10, 15, 20, 30 and 40 mN. Evolution of impact
damage was followed in-situ by recording the probe depth signal versus time
throughout the test. Ten repeat impact tests were performed at different positions for
each load, as illustrated in Figure 1(c). Impact tests with the same testing conditions
were also performed on uncoated silicon sample. Single impact tests were also
performed at 10 and 30 mN. The impact morphology was observed by high resolution

scanning electron microscopy (SEM, Hitachi SU8230).
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Figure 1. Nano-impact test configuration, (a) schematic illustration of the NanoTest
system showing the pendulum configuration for impact test, (b) example test data (c)

SEM image showing ten repeat impact tests under 20-40 mN impact load.

3. Results

3.1 Microstructure and morphology of ta-C films

Figure 2 shows the typical surface morphologies of ta-C films with different thickness.
It can be seen that both of the surface is composed of large amount fine grains, and
exhibit uniform and compact microstructure. The obtained surface roughness R, of two
ta-C films is almost the same 0.15 nm, which confirms the extremely smooth surface

of the films.

(a)

Figure 2. AFM images for surface morphology of (a) taC-5, (b) taC-80 samples.
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Raman spectroscopy was used to characterize the bond structure of the films, especially
the relative content of sp> carbon atoms. As shown in Figure 3, the spectra of taC-5 film
is almost the same as that of taC-80 film, where a broad peak was appeared at
approximately 1560 cm™'. Based on the Gaussian fitting, two typical characteristic peak
can be obtained, one at approximately 1582 cm™ (G peak) and another at approximately
1420 cm™ (D peak). The relative sp® content of the films can be estimated by the
intensity ratio //I; based on previous reports [36.37]. Hence, the 1/, ratio is measured
for both of the films and found to be almost the same at around 0.26, which corresponds

to a sp’ content of about 75%.

taC-5
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Figure 3. Raman spectra of ta-C films and the corresponding two fitted peaks.
3.2 Nanoindentation

The mechanical properties of both the films and the uncoated substrate are shown in
Figure 4 as a function of the contact depth. As the contact depth increased the
mechanical response of both coated systems became increasingly dominated by the
mechanical properties of Si substrate. The taC-80 sample had higher hardness, H/E and
H*/E?* with the taC-5 sample exhibiting values similar to the silicon substrate. At >60

nm the elastic modulus of the coated systems was very close to the Si substrate.
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Figure 4. Variation in (a) hardness, (b) elastic modulus, (c) H/E, and (d) H*/E* as a

function of contact depth [data from refs. 20,31]

3.3 Nano-impact testing

In the nano-impact test the evolution of impact-induced damage (i.e. elastic and plastic
deformation and fracture) with time is monitored cycle by cycle. To illustrate this,
Figure 5(a) shows typical nano-impact depth vs. impact cycles results at the lowest
impact load (5 mN) for both ta-C films and the uncoated silicon substrate with the
corresponding SEM images of the residual impact craters morphology (Fig. 5(b, ¢)).
The increase in depth that occurs on the first impact is due to the dynamic force being
greater than the static force. With further impacts on the Si substrate there was a gradual
trend to increasing depth without any abrupt increases in depth during the 75 impact
cycles. This type of behavior was observed in all the tests on Si under 5 mN load. For
the thin film samples, two types of response were observed: (i) slowly increasing impact

depth (i1) a more rapid increase in penetration depth with fracture failure typically
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occurring around 35™ impact cycle. The more severe damage process occurred in 30 %
of the tests at 5 mN on the taC-5 and 50 % of tests on taC-80. In some of the tests on
the taC-80 at 5 mN the increase in depth during the test was close to the film thickness
(e.g. from 30 to 75 impacts in Figure 5(a)) indicative of film removal. The
corresponding SEM images show relatively minor substrate fracture at the edge of the
impact crater for the 5 nm thick film (Figure 5(b)), while for the 80 nm film there is a
large delamination area around the impact site but with no lateral cracking of the
substrate (Figure 5(c)). In tests without fracture taC-80 showed the best impact
resistance. To illustrate the stochastic behavior, the final depth at 5 mN impact load is
shown as a probability function in Figure 5(d). When the data are plotted in this way it
can be seen that although the final depth for taC-80 is lower than on the uncoated silicon,

taC-5 has little protective effect at 5 mN.
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increasing of impact depth, (ii) rapid increasing of impact depth for ta-C films;
corresponding SEM images of impact craters on (b) taC-5, (c) taC-80, (d) probability

distribution of the final impact depth at 5 mN impact load.

Rapid increase of impact depth was observed in an increasing number of tests at impact
loads of 10 mN and above. Typical curves are shown in Figure 6. In tests at 10 mN the
increase in impact depth stabilized after a few cycles but then dramatically increased
(Figure 6(a)). These fracture failures correlated with increasing load, with fewer cycles
before the abrupt increase in impact depth at higher loads. The time-to-failure was

longer for the ta-C films.
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Figure 6. Typical nano-impact curves showing evolution of impact depth as a function
of impact cycles at (a) 10 mN and (b) 40 mN. Load dependence on (c) Si (d) taC-5, (e)
taC-80.

The corresponding SEM images shown in Figure 7 reveal lateral cracking at the edges
of the impact craters for both coated samples at impact loads above 10 mN, linked to
characteristic brittle cracking behavior of Si substrate. Surface damage was more
extensive at higher impact load, with pronounced cleavage fracture observed for both

coated samples under 40 mN impact load. The taC-80 film showed slightly better
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resistance to cracking with a smaller impact crater area. In addition to the lateral
cracking of the substrate, apparent delamination can be observed at the edge of the

impact crater for the taC-80 films, which was not observed for the taC-5.

10mN

e
¥~ fracture

2pm

Cleavage fracture* :

Figure 7. SEM images of representative nano-impact craters on 5 and 80 nm ta-C films

under various impact loads.

In Figure 8 the mean depth from the 10 tests has been plotted as a function of impact
load, for various number of impact cycles. In Figure 8(a) “static indentation” is the
penetration depth recorded (under load) on the initial contact between the indenter and
the surface under quasi-static load before the first impact. When the depth under load
is predominantly the result of elastic and plastic deformation, the test shows good
reproducibility and the standard deviation in the impact depth remains low. Once
fracture occurred in some of the tests then the response became more stochastic (see
also Figure 1(c)). The standard deviation of the impact depth can therefore be used to
determine the onset of fracture. The error bars circled by the dashed ellipses in Figure
8 indicate that the fracture starts earlier at higher impact load. Both of the coated
samples showed lower impact depth than the Si substrate during the early stages of the

impact test before fracture, with the thicker one having a more marked benefit.

12



(a) Static indentation (b) 15t impact cycle (C) 5t impact cycle
E 1000 i l
£ =
o i . 14
o ] .
T .
8 _ . * ' .
E H . . | »
1004 M E Si i S H m Si
® taC-5 ® taC-5 ® taC-5
’ | A taC-80 | A tac-80| A taC-80
(d) 10% impactcycle (e) 20% impact cycle - |(f) 74" impact cycle '
. i A
I i ' + I ! i
— i ¢ . :
= 3 7 | 1 I
E 1000 4 L T 1 | i i
£ PN | ? s ]
= 7\ ) _
8 . TR Y ‘
3 ] | 1)
g | . 4 1
£ ] H
- ] : i 18- ; i
1004 % B s < L =1l e m S
® taC5 ® taC-5 || ® taC-5
| A tac-80| _ A taC-80 A tac-80
é 1'0 1'5 2'0 2l5 3'0 3'5 4l0 é 1'0 1!5 2'0 2'5 3b 3l5 4'0 Fl.r 1b ‘II5 2I0 2I5 3I0 3I5 4I0
Impact load (mN) Impact load (mN) Impact load (mN)

Figure 8. Evolution of the mean impact depth with increasing impact cycles as a

function of impact load.

Figure 9 shows the probability of fracture estimated by ranking the impact cycles where
a rapid depth increase occurred by assigning a probability of fracture failure P(f) =
n/(N+1) to the n' ranked failure event in a total sample size of N = 10 repeats under the
same loading conditions [21]. Both films displayed some protective capability, as
indicated by lower fracture probability and longer impact cycles to failure under 10-40
mN impact load, with the thicker film also showing more resistance to fracture at the
end of the test. The probability of fracture varies with impact load. Figure 10 shows the

50 % probability of failure in the form of S-N curves.
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4. Discussion

4.1 The failure mechanism and protective role of ta-C films at low impact load

Dynamic (or effective) forces during impact are higher than the static coil force. These
can be estimated from a recently developed method [38] where the deformation is
assumed to be rate-insensitive so that the same effective forces produce the same depths
in impact and indentation tests when the same probe is used. In the following discussion
the tests are referred to by the set impact load. The terminology “impact load” refers to

the set static load in the test rather than the effective or dynamic force.

The deformation at 5 mN is different to that found at higher loads. For the 80nm ta-C
film, the changing depth during that period is close to the thickness of the film, and the
corresponding SEM (Figure 5 (c)) exhibited obvious film delamination without
cracking on the substrate, which prove the fatigue failure and material removal of the
80 nm ta-C films at SmN impact load. In a single quasi-static indentation test with the
same probe at the same first impact depth (110nm) as the effective force (16mN), the
deformation was totally elastic. With repetitive contact under these conditions there is
some non-elastic substrate deformation but it is very low and the damage proceeds by
film fatigue. In nano-impact tests on these films with a blunt Berkovich indenter at very
low impact forces (100-300 uN) film-dominated behavior was also observed. There
was gradual film failure after a period of fatigue, but subsequent substrate failure was
not observed. The impact depth after the test was greater for the taC-80 than for taC-5,
by an amount close to the difference in their thickness [21]. Low load (100-1000 uN)
nano-impact tests have also been performed on a 100 nm sputtered DLC on silicon with
Berkovich and 10 pum conical indenters by Faisal and co-workers [22.23.39]. They
summarized the failure mechanisms at these very low loads as:- (i) some plastic
deformation occurs in the film and substrate, and micro-cracks nucleate in the films
after initial impact, (ii) the cracks continue to nucleate, coalesce and propagate to the
film-substrate interface with little or no probe depth change during the first few impact

cycles, (i11) debonding occurs at the interface with a more rapid depth increase due to
15



the interfacial mismatch when the plastic deformation occurred and the relaxation of
pre-existing residual stress in the film. In all of these studies the loads are sufficiently
low that the stress fields were more concentrated in the film and permanent deformation

of the Si was low.

In two tests at 5 mN on the taC-5, there was a marked increase in probe depth, which
SEM confirmed was due to the fracture of the silicon substrate (Figure 5(b)). Although
it only occurred in a minority of tests, the substrate fracture could be an indication of a
possible weakening effect of the thin film since it was not observed for the silicon
substrate at the same impact load. Thin film weakening effects have been predicted by
theoretical studies of quasi-static indentation contact [40-44]. In a FEA study of elasto-
plastic contact with a rigid surface Komvopoulos noted that very thin hard coatings may
cause higher stresses in the substrate and correspondingly smaller critical load for the
onset of plasticity compared to the uncoated substrate [40.41]. Sun et al. also used FEA
to study elastic-plastic contact between a 100 um rigid sphere and TiN coatings with
different thickness on high speed steel, titanium and aluminium [44]. The modelling
results showed that when the coating thickness was below a critical limit the critical
load for plasticity of the TIN/HSS system was lower than that for the uncoated substrate.
Some experimental support for these ideas was provided by nanoindentation tests on 2
and 5 nm ultrathin DLC films on Si using a cube corner diamond indenter [15]. A
threshold load, defined as the load above which the indentation damage will occur, was
measured as 2-3 mN for the silicon substrate, 1-2 mN for the 2 nm DLC films and 0.5-
I mN for the 5 nm DLC films. If the taC-5 thin film is displaying potential weakening
under repetitive contact at low load then it is a different type of behavior. For another
possible reason, it may be attributed to the local stress concentrations in the impact area
resulted from the aggregated carbon particles or defect formed during the deposition
procedure by FVCA. Further investigation is required in future work to better

understand this phenomenon.

4.2 The failure mechanism and protective role of ta-C films at high impact load
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At 210 mN impact load the films exhibited a similar type of impact response to the
uncoated substrate, with the rapid increases in depth during the test far exceeding the
film thickness. The impact tests show stochastic behavior which is more pronounced at
higher load, as illustrated in Figure 1(c). As mentioned in the Results section this can
provide an additional metric for the load vs. cycles relationship for onset of significant
substrate fracture. SEM images confirmed lateral cracking and material removal in the
silicon substrate accompanying film failure. Lateral cracking in silicon has also been
reported in quasi-static indentation testing with the same probe, and with one similar
sharpness (R = 4.3 um [45]). However, the load required for this cracking (termed
“giant pop-in” [45]) was at least ~350 mN with the 4.3 um probe and when loading to
500 mN with the 4.6 um probe used in this work the failure did occurred in less than
50% of tests. The repetitive nano-impact technique induces these lateral cracks at much
lower load than in quasi-static indentation. Lateral cracking occurred on both of the
coated systems. However, lower mean impact depth and the larger number of impact
cycles required before the rapid depth change shown in Figure 8 and 9 indicate that the
thin film systems display some damage tolerance by delaying substrate failure and

slightly reducing its severity.

It has been suggested that impact fatigue of a thin film system on repetitive contact with
a spherical indenter proceeds by the following steps:- (1) over the first few impacts there
is an increase in probe depth as the contact pressure decreases to the point at which the
substrate no longer yields plastically. The increase in depth during this period is mainly
attributed to the plastic deformation of the substrate. (i1) when the mean pressure is as
low as the substrate yield stress the impact depth is approximately constant and grows
gradually through coating fatigue (iii) after a fatigue period there is a transition to a
more rapid rate of damage and (iv) ultimately failure of the coated system. The
deformation mechanism is more complex when the substrate is silicon. At room
temperature there is little dislocation-based plasticity in single crystal Si and its
deformation is dominated by phase transformation (leading to ‘pop-in’ and ‘pop-out’

features in nanoindentation curves), accompanied by brittle fracture processes above a
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threshold load [46-49].
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Figure 11. (a) The calculated effective force corresponding to the static impact load,
(b) calculated mean contact pressure after first impact cycle (P1) and the mean contact

pressure at the plateau depth (Pq).

The effective forces corresponding to the set static impact loads were estimated from
equating depths in nanoindentation and after the initial impact, as shown in Figure 11
(a). The mean contact pressure after first impact cycle (P1), and after the impact depth
increased to the plateau depth (Pg), were estimated from Hertzian analysis, as illustrated
for taC-80 in Figure 11 (b). At 10 mN impact load, the corresponding effective force is
39 mN. This is comparable with the load (43 mN) at which the first pop-in occurred
during single quasi-static loading with the same 4.6 um spherical indenter [34]. Pop-in
in silicon occurs due to phase transformation from the diamond cubic (Si-I) phase to
the metallic B—Sn phase (Si-II), involving a 22% increase in density at a pressure of
11.3-12.5 GPa [50.51]. With a 4.6 um spherical probe the deformation is almost
completely elastic at a static load of ~40 mN. The mean contact pressure of 13.8 GPa
in the initial impact estimated from the Hertzian analysis is above that required for
phase transformation. Some phase transformation may also occur below the first
detectable pop-in, as was observed by Bradby et al. in dark-field XTEM images prior
to ‘pop-in’ in the elastic regime when using 4.2 um spherical indenter under a load of

20 mN [48].
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Figure 12. SEM images of the residual impression on taC-80 after a single impact

under (a) 10 mN, (b) 40 mN impact load.

Increasing the quasi-static impact load to 20 mN produces an effective force
comparable to that required for cracking in quasi-static loading, with more extensive
cracking observed at higher load [46.52]. SEM images after a single impact on taC-80
at impact loads of (a) 10 mN and (b) 40 mN are shown in Figure 12. There is evidence

of plastic deformation at the lower load, and radial cracks at the higher load.

Silicon undergoes rate-dependent phase changes during unloading. For slow unloading,
the metallic phase (Si-II) transforms to a mixture of high pressure polycrystalline
phases (Si-III and Si-XII), but on fast unloading predominantly transforms to
amorphous silicon (a-Si) [53-57]. Similar rate dependence has been reported with
Berkovich and 13.5 um spherical indenters [56.57]. Ruffell ef al. [55] reported rapid
unloading (~1000 mN/s) results in the formation of a-Si only, since almost no high
pressure phases were observed by XTEM or Raman. If a material undergoes classical
elastoplastic deformation, loading-unloading in subsequent indentation cycles would
follow the unloading path of the first cycle and show an elastic response when Prax is a
constant [58]. Further deformation occurs in the impact test since the depth increases
in first few cycles. Although fracture has a more important role in the impact tests,
particularly at higher load, multi-cycle quasi-static indentation experiments with
spherical and Berkovich indenters [58-61] can shed some light on the deformation
process. The indentation depth also increases during the first few load-unload cycles in
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these experiments and it has been determined that the amorphous phase transforms to
high pressure phases during cyclic loading. This has been summarized as:- (i) Si-I
transforms to Si-II during the first indentation cycle which transforms to a mixture of
high pressure phases (Si-III/Si-XII) and a-Si during unloading, (ii) upon continued
cycling the volume of a-Si gradually decreases and the proportion of Si-III/Si-XII
increases to the point that a pop-out occurs transforming most of the remaining a-Si to
Si-III/Si-X1II,  (iii) following pop-out, when the high pressure phases dominate the
residual indent volume, the loading-unloading cycles quickly become elastic as any

remaining a-Si is transformed to Si-II1/Si-XII [60].

In the nano-impact testing, the unloading is almost instantaneous, so the end phase after
the first impact cycles should be predominantly a-Si. The first few impact cycles also
result in continued plastic behavior of the silicon by phase transformation, where the
volume of silicon substrate decrease slowly due to the conversion of a-Si to Si-11I/Si-
XII, resulting in the gradual increase of impact depth. When the a-Si phases are totally
transformed, the impact depth is close to constant value. The mean pressure (as
illustrated for taC-80 in Figure 11(b)) decreases to 11.1-11.4 GPa, close to the yield
stress of the Silicon substrate. In the impact test the elasto-plastic deformation is
accompanied by cracking. Cracking will relieve stresses and slightly reduce the actual
contact pressure [56]. With continued loading-unloading, the cyclic stresses result in
crack growth, propagation and coalescence, and finally the happening of lateral
cracking reflected by the rapid increase of impact depth. For impact load >30mN, the
radial cracks can initiate at the first impact cycle and develop into lateral cracks rapidly,
corresponding to the abrupt material removal in impact depth. This is the same
degradation mechanism that is responsible for material removal on single particle

impact in abrasive jet micromachining [35].

The critical loads for pop-outs during unloading with the 4.6 um spherical indenter
were a function of the maximum load and unloading rate on Si and taC-80 [34]. Higher

unloading rates favored elbow (gradual) pop-outs at lower critical load (and contact
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pressure) whilst slower unloading resulted in a greater proportion of sharp pop-outs at
higher load. For a given set of conditions the critical load was lower on taC-80. The
thin film modifies the contact pressure at which the unloading phase transformation
occurs in an indentation, typically decreasing it by ~2 GPa. The ability of the taC-80
thin film to alter the mean contact pressures at which phase transformations occur
during unloading influences the phase distribution and its evolution in the repetitive
contacts by the spherical indenter in the nano-impact test which is expected to affect
susceptibility to cracking. Compared to the thicker film, the lower A and H/E (Figure.
5) of 5Snm film-substrate system reduce the load capability of Si substrate to cause phase
transformation and crack propagation, resulting in the worse protective role. Another
important reason for the better protective role of thicker film than the thinner one may
be attributed to the better adhesion strength between the film and substrate, reflected by

the nano-scratch testing in our previous studies [31.34].

In summary, the taC-80, and to a much lesser effect taC-5, provides some protection
against contact damage in silicon from impact loading by the R = 4.6 um spherical
indenter. At low load the high hardness of the ta-C films restricts the occurrence and
development of the phase transformation in the silicon substrate by providing load
support, lowering the contact-induced stresses in the substrate. The taC-80 also has a
higher resistance to plastic deformation (F°/E?) which enables the deformation to be
spread out over a wider area. In quasi-static nanoindentation with the same R = 4.6 um
indenter [34] the load at which pop-in occurred was slightly higher (43 mN) on taC-80,
than on the silicon substrate (37 mN). Fracture and delamination of the film will absorb
part of the impact energy, which may also reduce the stresses reaching the substrate,
retarding the initiation and propagation of the cracks in the substrate. At higher load
fracture is unavoidable but the taC-80 is capable of modifying the mean contact

pressures for phase transformation.
5. Conclusions

Repetitive nano-impact testing has been used to investigate the influence of 5 and 80
21



nm ta-C thin films on modifying the damage tolerance of Si substrate with a spherical
indenter. At low impact load the failure mechanisms involve film damage with minimal
permanent substrate damage, with delamination on taC-80. At higher loads fracture of
silicon substrate occurs, more rapidly and extensively as the load increases. The failure
mechanism involves initial plastic deformation through phase transformation during the
first few impact cycles, and subsequent brittle fracture after the completed plastic
deformation. The ultrathin films play a protective role by retarding the development of
phase transformation and propagation of cracks due to their high hardness and the
energy absorption when fracture and delamination occurred in the films. The thicker

film has a better protective role than the thinner one.
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