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Abstract: Mechanical properties of optical thin films andatings are very important

for their reliability, because they are often exgmbgo rough conditions in service.
Mechanical attributes of films, that determine thieeéhavior, are in the center of
interest. In this paper, mechanical propertiespical thin films deposited on various
types of glass substrates were examined. Assessoferstuch properties was

performed using instrumented nanoindentation (hessinelastic modulus, elastic and
plastic work done by indentation) and scratch testical loads corresponding to the
onset of specific failure). The failure modes ahtfilms were discussed.

Keywords: thin films; mechanical properties; nanoindentat&eratch test

1. Introduction

Production of optical components is strongly linkeith thin film technology. Thin

films can modify or improve both optical and mediah properties of such
components. Optical properties are obviously thestnimportant issue, but their
importance is just followed by mechanical propettidn practice, optical
components are often exposed to many stresses avitedrmal or mechanical [1].
Their durability crucially depends on mechanicabperties of film-substrate
composite and their interface properties.

Various deposition techniques have been used iloritey of thin films with
specific optical properties. Evaluation of the tielaship between deposition
conditions and mechanical behavior, in an effort etucidate deformation
mechanisms is of high importance. The assessmantohanical properties of thin
films is usually performed with depth sensing in@¢ion and scratch test. Both of
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these techniques are based on the interactiorstifigebody (diamond indenter) and
investigated surface [2,3].

Nanoindentation is a contact based method develépeelvaluation of local
mechanical properties. It is commonly used for meament of elastic and plastic
properties of thin films and coatings [4] as wedlraicro-objects [5]. The principle
of the method consists in the penetration of a diatip of known geometry into
the sample surface with precisely defined forcerimguthe test the indentation load
and depth are continuously recorded.

Scratch test is a complex method used for assessvhdioth adhesion and
cohesion characteristics of material. It was oatlin developed as a method for
evaluation of coatings-substrate adhesion. Howetédras been discussed that the
stress field around the indenter is very compled awaluation of the adhesion is
generally problematic and controversial [6,7]. Dgrithe scratch test a diamond
stylus is pulled over the sample surface underremeasing normal force. The
generated stress fields under the indenter ledldetoccurrence of different failures
that involve coating detachment, through-thickr@ssking and plastic deformation
or cracking in the coating or substrate. The gdaihe test is to find the critical
loadsL. at which characteristic failures occur.

The aim of this paper is to study the mechanicaperties of various optical
coatings deposited on different substrates by dsetising indentation and scratch
test.

2. Experimental details

Thin films with various compositions were deposited different physical vapour
deposition techniques (PVD) on various glass satesr (B270, BK7 and fused
silica-Lithosil (Schott)). The basic description iofzestigated samples is presented
in Table 1. The thickness of the films ranges frtB0 to 320 nm.

Tablel. List of samples

Sample Film Substrate  Film

number material  material  thickness Technology

1 TIO, B270 230 lon-PVD

2 Al,Os B270 315 lon-PVD

3 SiIG B270 250 lon-PVD

4 TiO, Lithosil 230 Substrate temperature 280 °C

5 Mgk Lithosil 290 Substrate temperature 280 °C

6 TiO, Lithosil 160 Without preheating + lon bombardment
7 Cr BK7 320 Evaporation

8 Cr BK7 150 Sputtering

Both nanoindentation and scratch test experimerdse werformed using
NanoTest™ NTX instrument (MicroMaterials).



The indentation measurements were performed bybreadid Berkovich
indenter (three-sided pyramid). The maximum load.&fmN was chosen in order
to minimize the substrate effect. Both loading amdbading periods were set to
20 s, hold period for creep was set to 10 s. Dug ¥ery small maximum depth the
indentation curves selection was necessary. Ordndsird-shaped curves were
analyzed. Hardness and reduced modulus values eadrelated according to the
analysis proposed by Oliver and Pharr [9,10] frameast 4 measurements. The
distance between indents was set tuB0

Reduced moduluk,, which includes the contribution of elastic defatmn
of diamond tip indenter, is defined as
2 2
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whereE;r andv, andE; = 1141 GPa and, = 0.07, describe the elastic modulus and
Poisson’s ratio of the sample and the indenterpaevely. According to the
CSN EN ISO 14577-1 indentation moduli&; is comparable to the Youfsy
modulus of the material [11].

Scratch tests were carried out with Rockwell (coinelenter with radius of
25um. The scratch procedure involved scanning apuh@s over a 100Qum track.
The initially constant topographic load of 0.1 mMsnapplied over the first 1Q0m
and then ramped at constant rate of 3.4 and 5.7snit/300 and 500 mN,
respectively. Three scratches were performed dt leaa per sample, with adjacent
tracks separated by %0n. Experiments were performed for two maximum lofmas
easier comparison, due to the different charactanwestigated films (thickness,
mechanical properties, substrate) Evaluation ofsitratch tests was performed on
the basis of the indenter on-load depth record amalysis of the residual scratch
tracks. Laser scanning confocal microscope LEXT Q180 was used for high-
resolution imaging.

3. Reaults and Discussion
3.1.Nanoindentation

Indentation hardnedd;; and reduced modulls of the investigated thin films are
summarized in Table 2.

It has been shown that except of hardness and m®doiore useful
characteristics can be obtained from indentatiorvesi like plastic workW, and
elastic workW, done during the indentation. Especiaitf/W; and H/E, ratios are
appropriate characteristics due to their closeetation with tribological behaviour.
These ratios are also presented in the Table 2.

Reference measurement was performed on uncoatedgli€® substrate of
Cr-sputt. sample. Measured hardness value of{D0.9) GPa is in agreement with
value of (7.7£0.1) GPa measured by Shorest. al [12]. Young's modulus



(83+ 3) GPa is in agreement with value of 82 GPa repotty Schott company
[13]. Poisson ratio of = 0.206 was used for Young’s modulus calculatibsi.|

Table 2. Summary of the nanoindentation test for maximum strength 0.5 mN

Sample- thick. depth Hir E, W, We H/E; Wi/W,
substrate [nm] [nm] [GPa]  [GPa]  [pJ] (p] [ [
TiO,-B270 230 32+1 6.6+0.2 101+7 6.2+0.5 55+0.1 0.060+0.006 0.53+ 0.06
Al,0s-B270 315 32+2 6.8+05 77+5 4.7+04 7.4+0.4 0.082+0.012 0.39+0.06
Si0,-B270 250 26+1 8.6+02 72+1 3.0+0.3 8.1+0.2 0.111+0.005 0.27+0.04
TiOx-Lithosil 230 331 6.4+0.3 108+9 6.3+0.3 5.4+0.2 0.054+ 0.007 0.54+ 0.05
MgF.-Lithosil 290 29+1 7.6+0.2 112+3 5.2+0.2 5.5+0.1 0.061+0.003 0.49+0.03
TiOs-Lithosil 160 30%x1 7.1+0.2 104+6 5.2+0.2 5.8+0.2 0.063+ 0.005 0.48+ 0.03
Cr-evap.-BK7 320 24+2 9.0+0.7 151+6 4.0+0.4 4.6+x0.1 0.052+0.006 0.46+ 0.07
Cr-sputt.-BK7 150 30+3 7.4+0.7 118+15 5.2+0.6 5.4+0.4 0.056+0.013 0.49+0.10

3.2.Scratch test

Evaluation of the thin films response to the sdrdtmding was performed on
the base of critical loads. Four critical loads evelefined after thorough analysis.
The first critical loadLc; was defined as the visible onset of plastic deétion.
Critical load L, represents the formation of small tensile and@rfarmal cracks
[14,15]. Lcs corresponds to more pronounced cracking and ergckiong the
scratch track for brittle or to scratching throve thim for ductile films. The last
critical load Lc4 corresponds to catastrophic damage of the filmextensive
exposure of underlying substrate.

Table 3. Summary scratch test results

Lea Le2 Les Lca
Prmax[MN] 300 500 300 500 300 500 300 500
Sample-substrate  [mN] [mN] [mN] [mN] [mN] [mN] [mMN] [mN]
TiO-B270 9 8 167 185 261 272
Al,05-B270 17 16 208 211 403
Si0,-B270 13 15 217 227
TiO-Lith.(230nm) 9 45
MgF.-Lithosil 9 9 56 54 160 211
TiO,-Lith.(160nm) 8 12 185 153
Cr-evap.-BK7 8 12
Cr-sputt.-BK7 7 10 95 103




All of the determined critical loads are summarizedTable 3. Average
values for three scratch tracks for both maximahrad loads of 300 and 500 mN
are presented if the critical loads were observ@énerally there are many types of
failure modes of the film-substrate system andatlbbccur in all materials. Some
failure modes may have a slightly different chagactepending on the material and
deposition conditions. There are failures or corabam of failure modes that are
specific to the certain material [14,15].

Comparison of data in Table 2 and Table 3 cleahgws the correlation
between théd/E, ratio and the critical loalc; corresponding to the onset of plastic
deformation.

The primary failure mode of TiCfilm on B270 glass substrate during scratch
test was a progressive plastic deformation withtbet distinguishable cracks. The
character of film response to scratch loading wedile. Selected residual tracks are
shown in Fig. 2a.

Cracking of AbOs3 thin film on B270 substrate was minimal during Hoeatch
test. Small tensile cracks in the residual trackl #re longitudinal cracks at the
borders of the scratch track were observed. Substeanained unexposed even for
the maximum force of 500 mN. Residual traces aosvehin Fig. 2b.

The response of Sihin film on the B270 substrate to scratch loadives
rather brittle (Fig. 2c). First significant spaitat occurred within the scratch track at
lower loads. Further increase of normal load lg¢adsome local peeling of the film
around the scratch track. Catastrophic failure wa$ observed even at the
maximum load of 500 mN.

TiO, thin film with thickness of 230 nm deposited onhasil substrate was
examined at lower normal forces of 200 and 300 nadabse of the very low
scratch resistance. An abrupt fatal damage wasrwdbalready at relatively low
normal forces during the scratch test, as showrkign 2d. Cracks were limited
inside the track, whereas peeling off occurredhatetdges.

MgF, thin film on the Lithosil substrate showed onlylav resistance to
scratch stress. The fatal damage occurred suda@emblatively low normal forces,
when delamination of film from the substrate appdarResidual tracks are
presented in Fig. 2e.

In the case of Ti@thin film with a thickness of 160 nm on Lithosillsstrate
no cracks were observed even for a maximum nororaefof 500 mN. Ductile
character of the material response to stress gededaring the scratch test can be
seen in Fig. 2f.

Analyses of the wear track of the evaporated chwomthin film (Cr-evap.)
on BK7 substrate reveal small cracks inside thekted high loads. As can be seen
in Fig. 2g, some sudden failures of the films wals® observed. This can be a result
of local defects in the film or film-substrate irfece, because these features are
locally restricted.
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Fig. 2. Confocal microscope images of residual nano-derétacks of samples a) TiGn B270, b)
Al,0; on B270, ¢) Si@on B270, d) TiQ with thickness of 230 nm on Lithosil, €) Mgén Lithosil, f)
TiO, with thickness of 160 nm on Lithosil, g) Cr-evam BK7, h) Cr-sputt. on BK7. The scratch
direction is from left to right. Residual track askown for two values of the maximum loads for each
sample.

Investigation of the residual scratches on theil@r §puttered on the B270
glass substrate revealed cracking inside and atsand the track. These failures
also show local character and can be attributeithe¢docal imperfections in film-
substrate interface, similarly to Cr-evaporated.

4. Summary

Mechanical and tribological properties of optidahtfilms were studied using depth
sensing indentation and scratch tests. Investigéted were deposited by various
PVD techniques on three types of glass substr&kg,(B270 and Lithosil (fused
silica)).

Presented results have shown that mechanical piepeare strongly
dependent on deposition technique. This is cleadyifested by different reduced
modulus of sputtered and evaporated films with hkies of (118 + 15) GPa and
(151 + 6) GPa, respectively.

The affect of film thickness on the response tatetr loading has also been
reported. TiQ film with thickness of 160 nm exhibited ductileachcter during the



scratch test, whereas 230 nm thick Ifibm showed brittle failure. The catastrophic
damage of the thicker film occurred already at \&mall load of 45 mN, the thinner
160 nm thick film did not show such a failure.
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