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Science may set limits to knowledge but should not set limits to imagination.
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Abstract

The need to understand the complex behaviors and properties of thin films has made their research an
important field in materials science in recent years. Since their mechanical characteristics are so
important in determining their usability in a wide range of possible applications, a great deal of study
has been dedicated to clarifying them. This calls for a thorough investigation of how they behave in
various loading scenarios, including compression, tension, and bending. Moreover, a complex
interaction of characteristics such as composition, layer thickness, and deposition parameters has a

significant effect on mechanical properties.

One of the main forces behind materials development is the growing need for highly specialized
coatings that are suitable for specific industrial applications. The main goal is to empower different
sectors by providing customizable coatings that are specifically tailored to their own operating
circumstances and requirements. Our study started a thorough investigation with the goal of developing
a methodical approach to coating customization, which would go beyond the traditional trial-and-error

method, in answer to this critical need.

Despite its crucial significance, fracture—a major failure mode—has surprisingly received
comparatively little attention in previous coatings-related research. This thesis thus focuses on coating
modification, with special attention to the fracture behavior of two different coating groups.

The first part of this study is to improve our understanding of the mechanical properties of amorphous
carbon coatings. Using fracture energy, strength, and stiffness performance indices as primary
evaluators, the research carefully adjusts deposition parameters such as bias voltage and deposition

pressure. The objective is to engineer coatings exhibiting a targeted critical energy release rate spanning
from 5 to 125 J/m? while preserving desirable yield strength (a,,) (1.6-2.7 GPa) and elastic limits (Uy/E,)

(approximately 0.05) with the tensile strain range between 0.003 and 0.15.

The subsequent phase of this research scrutinizes the fracture behavior of Cu-Zr thin film metallic
glasses (TFMGs). Here, through a methodical examination of experimental evidence and meticulous
analysis, previously overlooked fracture characteristics are uncovered. Intriguingly, the revelation that
even a small amount of oxygen content (as low as 3-4 at.%) during the production of pure metallic glass
(MG) films significantly impacts fracture behavior underscores the paramount importance of oxygen

content in shaping fracture features.

This Ph.D. thesis aims to further the domains of materials science and surface engineering by providing

new insights into the fracture characteristics of amorphous coatings based on amorphous carbon and




metallic glasses. The development of high-performance coatings with modifiable mechanical
characteristics and a better comprehension of their fracture behavior under various circumstances might

benefit greatly from these findings.

Vi

—
| —



Table of contents

y o 1oLV =T o T 1T ) SR I
AADSTTACT ...t Rt \%
I A0 T USSR Xl
LISE OF TADIES ... XVII
(O g1 (=T o TP TP PR UP PR P PR 1
Lo INEFOOUCTION L.t b bbb bbbttt 1
L1 TRIN FIIMS e ettt bbb 2
1.2 TRESIS OULIINE ...t 4
(O T o (<] RSOSSN 6
2. ThIN FIlM PrOQUCTION ...t 6
2.1, Thin film dePOSITION ......couviiiiice e e et re e be e besae e e 7
2.1.1. THEOIY OF PIASMA ...oviiiiiiieieee bbb 8
2.1.2.  SPULLET TEPOSITION ...ttt ettt 10
2.1.3.  Magnetron SPULLEIING .....ecviiveiieieite et se et e ettt sbeete e besteeaeste s e e srestaenbesreas 12
2.1.4.  Thin film growth MechaniSm ..o 14

DT 1010 0T Y RS PR 17
(O g T (=] G OSSOSO PR PR 18
3. AMOIPNOUS COBEINGS ... vttt ettt b b bbbt e bbbttt b e 18
3.1.  Introduction to amorphous MAterialS .........cccooiiiririiee e e 19
3.1.1. AMOIPROUS CAIDON ...ttt 21

Vi

—
| —



3.1.2. CU-ZI MELAIIIC GIASS ..eeeeeeeee ettt ettt ennenneas 24

3.2. Characterization of amorphous COAtINGS ........cccviviiieieiieie e 28
3.2.1. Characterization Of 8-C COALINGS ......covriiririierieieeee s 28
3.2.2. Characterization of Cu-Zr thin film metallic glasses..........cc.ccoviirireiiiiiniee 30

3.3.Mechanical properties 0f COALINGS.........coiiiiiiieiiiece et ns 33
3.3.1. Mechanical properties 0f @-C COALINGS .........eoerrereieieisisesese s 33
3.3.2. Mechanical properties of Cu-Zr based COatiNgS.........cccevevieeiiiiiiieeiece e 36

3.4. General comparison of a-C:H and Cu-Zr based thin films .........cccccooiviiiiiiieeee 40

3.5, SUMIMAIY .ot r e Rt E e R e et R e e s b e e b e e renr e e e e r e s e nneenes 42

L@ T 0] (] S USROS 43
4. MEINOAOIOQY ...t bbbttt 43
4.1, THIN filM dEPOSITION .....ecviiiice et be st e et sbe b besreeeesre e 44
4.1.1.  a-C:H:Cr thin film depoSition .......cccciiieiiiecc e 44
4.1.2.  Cu-Zr thin film depoSition .........cccoiiiiiiiiiiee s 45

4.2, Thin film microstructure iNVEStIGation .........ccciiiiiiiiiieic e e 47
421, X-Ray Diffraction (XRD) ......ccccouiiiiiiiiiiiieieieiee sttt 47
4.2.2.  X-Ray Photoelectron SpectroSCOPY (XPS) ......coveiiiiiiirinieriesieieeesese s 47
4.2.3.  Scanning Electron MicrosCopy (SEM) .......cooviiiiiiiee et 48
4.2.4.  Transmission Electron MicroScopy (TEM)......cccoouiiiiiniiniiineeesese s 48
4.2.5. RAMAN SPECIIOSCOPY ..veeuteeteeitiiitiiaiie et e bt e steesieesibe st e et e sbeesbeesbsesbseasbeesbeesbeeseeesinesaneaneas 48
4.2.6.  Atomic Force MicroSCOPY (AFM) ..o s 48

f VI ]




4.3.  Thin film mechaniCal ProPerties ...... .o i 49

4.3.1.  Nanoindentation and mMicro-SCratCh test...........cccviriiiiiiiiiiicc 49
4.3.2.  Fracture toughness and Crack denSity...........ccoeoveiriiiiirinc e 50
CRAPTET 5. . E ettt n e n s 53
5. Tailoring mechanical properties of a-C:H:Cr COAtiNGS ........cccccveiiiieiiiiiie e 53
AADSTFACT ...ttt 54
5.1 INEFOUUCTION. ...ttt bbbttt 55
5.2, RESUIES ... 56
5.2.1.  Structure, composition and surface morphology...........ccoceiiiiiieiiininin e 56
5.2.2.  Mechanical and tribological Properties.........ccccevvieeieieeieeiese e 61
5.2.2.1. NANO-INAENTALION ...t 61
5.2.2.2. WA DENAVION .....o.viiiiiieii ettt 63
5223,  Uniaxial tenSile tESES.......c.oiiiiiiiiiiiciiee e 66
5.2.2.3.1. IN-SitU SEM tENSIIE TESTS .....eviiiiiriiiteieee e 66

5.3, DUSCUSSION. ...ttt b bbbt 68

5.3.1.  Effect of process parameters on hardness, Young’s modulus, and activation volume .. 68

5.3.2.  Effect of process parameters 0n Wear reSiStanCe...........ccveveververeniesieesesceenieseseenieseeas 69
5.3.3.  Effect of process parameters on fracture behavior.............ccccooeiiiiiii i 70

ST S O] o [1ES] o] SRS 72

L0 =T o TSP 73

6. Vein pattern vs. columnar fracture shape in Cu-Zr thin film metallic glasses: Driving force and

B CNANISITY .o e ettt ettt e e et e ettt et e e e e e ee et eeeeeeeee e eeeeeeeeaaa e neeetaeeeeaan e reeeeeeeeeaaaaarrrrteeaeenaaas 73




BN o] = Yot ST 74

B.1. IMIAIN TEXE ...ttt bbb bbbttt 75
B.2. CONCIUSION ...ttt bbb ettt b et nen e 81
(O g T | (=T TS T PSPPSR PP PP PP 82
7. GENEIAI CONCIUSIONS ...ttt 82
CRAPTET 8. ..t E ettt r et n s 85
S ==Y 6] 1=Tod 1)Y= USROS 85
L0 T o) (=] USROS 88
LT 41 0= TSP P PP P URRPRPI 88
9.1.  Thin film microstructure INVESIGAtioN ...........ccccveieiieie i e 89
9.1.1.  X-Ray Diffraction (XRD) .......cccouiiiiiiriiiieiieieieieese et 89
9.1.2.  X-Ray Photoelectron SpectroSCOPY (XPS) .....ccciviieieiicieiie st s 89
9.1.3.  Scanning Electron Microscopy (SEM) .......cooviiiiiiieieie e 89
9.1.4.  Transmission Electron MicroScopy (TEM)......cccooiiiiiiiiniiinieeseee s 90
0.1.5.  RaMAN SPECITOSCOPY . .evreviieiiee i e sitee sttt e ste e et e e sste e e st e e ssteesbeeesnbeeesseeessaeesnseeesneeesnnenens 90
9.1.6.  Atomic Force MicroSCOPY (AFM) ....ooiiiiiiiiiiiiiie s 91

9.2.  Thin film mechanical ProPertiesS........ccou i 92
9.2.1.  Nanoindentation and MIiCro-SCratCh teSt............ceouriiriririie i 92
9.2.2.  Tensile testing on POIYMEr SUDSIIALE .........ccoriiiiiiieiri e 94

9.3.  Additional findings about Cu-Zr TEIMGS.........ccoioiiieiiieeiese e 95
9.4, IN-SITU SEM TENSIIE TESES ....veiviitiiiiite ittt 98




CRAPTET L0, ..t bR Rttt n e n s 99

10, RETEIEINCES ...ttt bbbt 99
ADDIEVIALIONS IS ...ttt 126
LiSt OF PUDTHCALIONS ..ottt 128
JOUINAT AITICIES ...t 129
CoNTErenCe CONLIDULIONS ........oiviiiiie e 129

Xl

—
| —



List of Figures

Figure 1-1. Global industry analysis by type, application, region, key players, and thin film technology

L0 Lo S A A0 A ) N I SR 2
Figure 1-2. Schematic of the Ph.D. thesis OUHNE. ..........coiiiiiiicc s 5
Figure 2-1. Categorization of the primary thin film deposition methods............c..ccccoeviviiiiiiirccenen, 7

Figure 2-2. Illustration of the sputtering process. The first step listed (I) backscattered and neutralized
ions, followed by (II) collisions and implantation, and (III) sputtering. These three mechanisms also
produce secondary electron emiSSION [32]......cceiuiiiiiiiiii e 11

Figure 2-3. Schematic presentations of the three regimes of sputtering according to Sigmund [33]...12
Figure 2-4. The principles of magnetron sputtering (reactive magnetron sputtering). ..........c.cceeveeveaee. 13
Figure 2-5. Typical thin film growth process (Figure adapted from [38]).......cccccoeveiniiriiniiniieienenns 14

Figure 2-6. Illustration of the development mechanisms of thin films and coatings according to ()

Volmer-Weber, (b) Frank-Van Der Merwe, and (c) Stranski-Krastanov on a substrate surface [39]..15

Figure 2-7. Structure zone model representing the effects of homologous substrate temperature and Ar

discharge-gas pressure on the structure of metal films deposited by magnetron sputtering [42]. ........ 17

Figure 3-1. Cooling paths from liquid to solid. Path 1 routes to crystalline structure, and Path 2 and 3

routes to amorphous structure with different cooling rate effects on Tg [50]. ..cvoovevveveviiniiiiinniiieiees 20

Figure 3-2. Carbon allotropes: diamond, graphite, lonsdaleite, C60-fullerene, graphene, amorphous
carbon, C540-fullerite, and single-walled carbon nanotube (Figure adapted from [54]). ......cc.ccevnnee. 21

Figure 3-3. Hybridizations of carbon a) sp3,b) sp?, and c) sp* configuration (Figure adapted from [53]).

Figure 3-4. Ternary phase diagram of various amorphous carbon forms (Figure adapted from [57]). 23
Figure 3-5. Binary Cu—Zr MG phase diagram (Figure adapted from [17]). .....ccoooervininiiniinnneneneens 26

Figure 3-6. Heats of formation values for the Cu—Zr binary system intermetallic compounds [77,84—
31 TS O O SPUUST TSP TSP PP 27

Xl

—
| —



Figure 3-7. XRD pattern of amorphous carbon (Figure adapted from [93])......ccceveveeniiiieinniieiene 29

Figure 3-8. SEM image of (a) top view and (b) cross-section besides (¢) AFM image of the a-C film
(Figure adapted FromM [94]). . .ottt e e r b e et raen et anes 29

Figure 3-9. Raman spectra of a-C film (Figure adapted from [95]).......cccccovirininiieiini e 30

Figure 3-10. (a) XRD patterns of the as-deposited Zr—Cu thin films deposited on the glass substrate (b)
The equivalent lattice spacing and hump peak position change with the Cu content in Cu-Zr monolithic
TFMG (Figure adapted from [63,72])....cceiieiiiiiie it sre e re e 31

Figure 3-11. The surface morphology (AFM images) and the microstructure in cross-section (SEM
images) of (a) the pure Zr film, the Cu-Zr films with (b) 49 at.% and (c) 69 at.% Cu and (d) the pure Cu
film deposited at the high power density conditions (Figure adapted from [101])......cc.ccoevvvrereniennn 32

Figure 3-12. (a) columnar and (b) vein-like cross-section morphologies of Cu-Zr based TFMGs. .....32

Figure 3-13. (a) the hardness of the a-C:H:Cr layers and (b) critical load during scratching (LC1, LC2,
and LC3 represent the occurrence of the first microcrack, a significant portion of peeling flake and full

coating removal, respectively) as a function of the doping agent (Figure adapted from [43])............. 34

Figure 3-14. contour plot of the (a) hardness and (b) Young’s modulus plotted against the CoH, flow
rate and applied bias voltage (Figure adapted from [L08]). ....cceovriiereiiiiie i 35

Figure 3-15. The hardness of CussZrss/Zr nanolayers (red points). CussZrss/Cu (black dot-lines with
points) as a function of thickness of the Cu or Zr layer. Hardness of nanocrystalline Zr (black dot-lines),
CussZrss thin film metallic glass (blue dash-lines), and Cu (orange dash-lines is shown for
comparison. The inset shows elastic modulus (E) values of Zr (black dot-lines), CussZrss (blue dash-
lines), and CussZrss/Zr (red points) using the same marker and line style convention as that of the main
plot (Figure adapted from [LL16]). .....ccviiiiriieieieieiee ettt 36

Figure 3-16. Hardness plot for different compositions in the binary Cu—Zr system, extracting at depths
of 100, 200, and 300 nm using the Oliver—Pharr method (Figure adapted from [115]). .......cccveurnnen. 37

Figure 3-17. (a) SEM image of 10 scratches on CuZr/Zr-40. The red rectangle represents the region of
FIB cross-sectioning. (b) 10 penetration depth profiles for CuZr/Zr-40 measured during scratch loading,
demonstrating the repeatability of the measurements. (c) Penetration depth profiles for each sample
were measured during scratch loading. The inset at the top right shows the residual scratch depths, as

measured by AFM at ~20-um intervals along selected scratches. (d, €) Scratch track profiles were




measured by AFM on selected scratches at locations of 250 mN and 400 mN loading, respectively. (c—

e) have the same color coding (Figure adapted from [116])......ccccoevirerinirineneeeeee s 38

Figure 3-18. Typical load versus deflection curves of each microcantilever (Figure adapted from [123]).

Figure 3-19. The materials property map presents the elastic limit against the critical energy release
rate. The results are obtained from the literature where a-C are shown with blue dot lines and Cu-Zr
based metallic glasses with red dot lines [114,127,148—162]. .........cccccerurimerenererieisesesese e 41

Figure 4-1. Schematic of the deposition process for a-C:H:Cr film deposition with magnetron coater.

Figure 4-2. Schematic of the (a) magnetron sputtering and (b) reactive magnetron sputtering process for
CU-ZI TIIM AEPOSTEION. ...ttt bbbttt bbb enes 46

Figure 4-3. Specimen geometry for tensile testing of a-C:H:Cr films on kapton. ............c.ccceevevenaee. 50

Figure 5-1. XRD pattern of the as-deposited amorphous films with different deposition conditions. The

inset shows the high resolution TEM micrograph and a diffraction pattern typical of amorphous film.

Figure 5-2. (a) Raman spectra of the a-C:H:Cr films. (b) Variation of the Ip/lg intensity ratio and the G
peak positions under different deposition CONAILIONS. ..........ccvevveriiieriiiee e 58

Figure 5-3. Chemical composition obtained by XPS depth profiling as a function of the film thickness
for a) 5 mTorr / floating and b) 5 mTorr / -100V, c¢) 20 mTorr / floating, and d) 20 mTorr / -100V

(o010 10 L1 A T0] g TR T TSRO 59

Figure 5-4. AFM images of a-C:H:Cr films a) 5 mTorr / floating, b) 5 mTorr / -100V, c) 20 mTorr /
floating, and d) 20 MTOIT / =100V ......ccuiiiieieieiee ettt 60

Figure 5-5. SEM micrographs on top views and cross-sections of a-C:H:Cr films: a) 5 mTorr / floating,
b) 5 mTorr / -100V, ¢) 20 mTorr / floating and d) 20 mTorr / -100V. ......ccoceeeeiiiieeeieeeereeee e 61

Figure 5-6. Comparison of the performance indices: cyE and oy3E2 for the four conditions
investigated in this study. The error bars represent the standard deviation calculated over 16

) 1= T4 T=T o1 £SO 62

XIvV

—
| —



Figure 5-7. Effect of the deposition parameters on the physical activation volume and associated number
of atomic sites 0f @-C:H:Cr thin filM. .....oooiii s 63

Figure 5-8. Results from the nanoscratch tests: (a) typical scratch profile with the displacement during
loading as a black plain line and the profile of the wear track after loading in a dashed black line. The
black arrow indicates the location of the critical load; (b) variation of the elastic recovery as a function
of the sliding distance; (c) average critical load measured for each coating, error bars indicate the

standard deviation; (d) variation of the coefficient of friction as a function of the sliding distance. ...64

Figure 5-9. Typical wear track after nano-scratch testing of (a) 5 mTorr / floating, (b) 5 mTorr / -100
V, (c) 20 mTorr / floating, (d) 20 mTorr / -100 V. The white arrows indicate the location of the critical
load. The blue box highlights in (e) the formation of a chip just after the critical load ona 5 mTorr / -
100V sample. The red box displays in (f) the crack features of the chip. The dashed white lines highlight
the step-like pattern produced during the formation of the chip..........cccccoiiiiiicic e, 65

Figure 5-10. (a-d) Evolution of crack density with in-situ strain for different samples (e) typical high

magnification SEM top-view observation 0f @ CraCk............ccccvviviieviiiiic i 67

Figure 5-11. Materials property map presenting the ratio yield strength over Young’s modulus against
critical energy release rate. The results are obtained from the literature and compared to the four a-
C:H:Cr thin films produced in this study [114,127,148-162]. ......cccceiuririrenrerieieeise s 71

Figure 6-1. Schematic representation of the crack propagation configuration for Cu-Zr TFMGs
deposited on the Si wafer with two different patterns observed by SEM. The loading configuration

resembles a three-point BENAING TEST. .......coiiiiie e e e ee 75

Figure 6-2. (a,b) cross-sectional SEM micrograph of the columnar and vein-like patterns simultaneously
in two samples deposited in different conditions with the (c,d) same initial columnar growth evident on

TNE TOP-VIBW. .t bbbt b bbb bbbttt b et bt n e 76

Figure 6-3. a) SEM micrograph of columnar / vein pattern, and b) XPS graph integrated with SEM

cross-section as proof of oxygen influence on fracture SNAPE. ........ccoovvveieriniiene e 78

Figure 6-4. (a) XRD analysis of amorphous Cu-Zr TFMGs and SEM topography of b) 5 mTorr/floating,
¢) 5 mTorr/-100V, d) 20 mTorr/floating, €) 20 mTorr/-100V with XPS analysis inset to the figs....... 80

Figure 6-5. (a) XRD analysis of amorphous Cu-Zr TFMGs and SEM topography of (b) 0 sccm, (c) 3

sccm, (d) 5 scem, (€) 7 scem, with XPS analysis inset to the figs. .....ocoveivieiie i 80

XV

—
| —



Figure 9-1. Diagram of the Rayleigh and Raman scattering processes [271].......cccceoevvvrirervneninnennnes 91

Figure 9-2. Schematic of an atomic force microscope with (I) laser beam reflected by a cantilever, (IT)

position sensitive photodetector to measure the deflection, (IIT) piezoelectric scanner to position the

sample with A accuracy, (IV) sample’s Z-axis CONtroller [273]........covvieeererereiieseesssseeseseesieneseon, 92
Figure 9-3. The schematic of a load-displacement curve for indentation [69]. .........cccccoovviiniriicnenns 93
Figure 9-4. Stress-Strain diagram. .........cccciiiiiiiiie et eres 94
Figure 9-5. SEM micrograph of multilayered Cu-Zr TFMG with and without oxygen. ...................... 95

Figure 9-6. Conversion of (a) columnar fracture patterns to (b) vein-like feature after laser treatment.
(c) shows higher magnification of the fracture cross-section with vein patterns...........cccceecvveviierinnne. 97

Figure 9-7. Fragmentation mechanism of a-C:H:Cr films on polymer substrate during tensile testing.

XVI

—
| —



List of Tables

Table 2-1. Typical processes occur in low-temperature plasmas [30]........cccovvrivevevieeiienieninese e 9

Table 3-1. Comparison of major properties of amorphous carbons with those of reference materials:
diamond, Graphiite [S7]. . ..o oo 24

Table 3-2. Crystal structures of phases in the binary Cu—Zr system [77]......cccccovviveiieiivcieieieeieennn, 27

Table 5-1. a-C:H:Cr films mean column diameter and surface RMS roughness measured by AFM...60

Table 5-2. Nano-indentation and micro-scratch related results: hardness, Young’s modulus, resistance

to plastic deformation, wear resistance, and critical load values for different deposition conditions... 66

Table 5-3. Traction related results: Fracture strain and stress, Saturation crack density at 1mm of
crosshead displacement, critical fracture energy release rate, fracture toughness, and fracture plastic

zone size values for different deposition CONAItIONS. .........c.ccviieiiiicii i 68

Table 5-4. a-C:H:Cr films deposited by PECVD method with CH4 and C,H> precursor gases or graphite

target and nano-indentation results in comparison with recent Work...........c.cccccovvviiiiininncncneen, 70

Table 9-1. Comparison in mechanical properties of single layer (SL) and multilayer (ML) with and

without oxygen injection during the deposition process. (a) SLO (b) SL3, and (c) MLO/3. ................. 96

Table 9-2. Comparison in fracture behavior of single layer (SL) and multilayer (ML) with and without
oxygen injection during deposition. (a) SLO (b) SL3, and (c) ML0/3 extracted from vein patterns width.




Chapter 1.

1. Introduction

This first chapter gives a general overview of the importance of coatings technology in different
industries, together with the significant need for customizable coatings. Moreover, it will discuss the

advantages of amorphous coatings and our motivation in pursuing this study.
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1.1. Thin films

Given the potential for reducing component size and increasing efficiency, especially in high-tech
applications, the use of thin-film technology has emerged as the main method of manufacturing these
thin layers ranging from sub-nanometers to several micrometers thick. They have become the material
of choice for a multitude of purposes, including but not limited to hard coatings, decorative elements,
electrical devices, and optical coatings [1,2]. One of the unique features of thin films lies in their
capability to be applied in extremely thin layers. This characteristic enables the creation of lightweight
and compact components, aligning perfectly with the prevailing trend toward smaller and more
streamlined devices. The ability to maintain functionality while reducing size is particularly
advantageous and meets the ever-growing demand for portable and space-efficient technologies. Thin
film technology, therefore, not only meets the requirements of current industries but also aligns

seamlessly with the evolving preferences in the design and functionality of modern devices [3].

Figure 1-1 shows the key players in the thin films industry and the future perspective of the dramatic
increase in thin film’s market share from 2021 to 2029, whereby 2029, it is expected that thin films will
play a major role in electronics and military and defense fields.

Key players
Materion Corporation Nippon Sheet Glass Co.
IDEX OC Oerlikon Corporation
Torr Scientific Ltd AG
Reynard Corporation ULVAC-PHI
DuPont Abrisa Technologies

2021 2029 ZEISS Newport Corporation
Market size in US$ Billion PPG Industries, Inc.
Applications

Regional Analysis in 2021 (%)

2029 21% 1% 16%
2027 15% 8% 17%

2024 10% 10% 22%
2021 12% 17% 15%
® North America ¥ Europe
® Asia Pacific Middle East & Africa
= South America u Electronics u Medical devices Military & Defense
Packing = Aerospace = Automotive
Others

Figure 1-1. Global industry analysis by type, application, region, key players, and thin film
technology forecast (2021-2029) [4].
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One of the most amazing aspects of thin films is how precisely their properties may be altered.
Engineers can precisely tailor properties such as mechanical strength, optical properties, and electrical
conductivity, making customizable coatings invaluable for personalized solutions, enhancing
aesthetics, satisfying environmental regulations, improving manufacturing efficiency, and product
protection. It also encourages sustainability and complies with industry norms [5-7]. This ensures
compatibility, prevents problems like stress-induced deformation or fracture in integrated circuits and
magnetic disks, and increases electronic components' tensile strength and reliability where performance

is important due to their flexibility to be modified [8-11].

While different methods, such as material selection, thickness adjustment, compositional change,
nanostructuring, heat treatment, etc., can modify the coatings' mechanical characteristics [11], they may
be expensive, time-consuming, and inaccurate. For example, when a coating's composition or material
is altered, there may occasionally be issues with compatibility with the substrate or other components
of the system. On the other hand, heat treatment is not a good option for all types of coatings; for
instance, in amorphous coatings, getting out of the glass transition temperature range (Tg) will result in
the transition from a rigid state to a more mobile or rubbery state or exceeding the onset temperature of
crystallization (Tx) will result in recrystallization of the coating and losing the desired properties. In
order to achieve the necessary coating qualities, fine-tuning deposition parameters stands out as a more

precise, effective, and adaptable strategy [12].

Recent scientific focus has shifted towards amorphous coatings over conventional alloy coatings due to
their ability to be used in severe environments with high friction and wear as well as high corrosive
conditions like acid and alkali. Thus, these coatings possess high hardness (4 to 24 GPa), wear resistance
(<20x10® mm?Nm), and corrosion resistance (0.1 um/year to 10 um/year) as the protective layer of the
substrate due to the lack of crystalline defects like grain boundaries and dislocations, which are

vulnerable to corrosion [13-16].

This thesis aims to conduct an extensive investigation into two distinct categories of amorphous
coatings, delineating their structural compositions: one resembling polymers and the other exhibiting
characteristics akin to metallic and glassy materials. Building upon foundational research that
highlighted the significance of hydrogenated amorphous carbon (a-C:H) and Cu-Zr thin film metallic

glasses (TFMGs) [17-25], this study endeavors to delve profoundly into their intricate nuances.

Previous research has offered some insight into thin-film mechanical characteristics. Nevertheless,
significant deficiencies remain with respect to the well-informed choice of coatings determined by
critical indices and a thorough understanding of the complex microstructural details and fracture

mechanics included in these coatings. Therefore, this investigation's main scientific goal is to
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comprehend the complex interactions between controlled oxidation processes, precursor gas
manipulation, and deposition conditions that influence the fracture behavior of these amorphous

coatings.

To address this critical question, a multifaceted approach integrating meticulous experimentation and
advanced characterization techniques will be employed. The focal point lies in exploring a broad
spectrum of deposition parameters such as substrate biasing, precursor gas flow, and deposition
pressure. This systematic manipulation aims to unravel their direct influence on the resultant

microstructure and subsequent fracture behavior when subjected to varied loading conditions.

Furthermore, the goal of this research is to clearly identify relationships between particular deposition
parameters and the mechanical characteristics that emerge. Through a detailed analysis of these
underlying mechanisms, our research hopes to provide both theoretical and practical insights that can
guide the strategic engineering and design of very durable, application-specific coatings that meet a

range of industrial needs.

By means of this detailed research, a more clear path for the systematic design and optimization of
amorphous coatings is to be established, perhaps leading to an advancement in the field of material
engineering. The objective of this work is to provide the market with customized materials that exhibit
improved mechanical performance and durability, therefore satisfying the requirements of a wide range

of applications and operating situations.

1.2.  Thesis outline

The schematic of the thesis’ structure is shown in Figure 1-2, which will be followed in this thesis. Main
deposition methods along with the necessary introduction of plasma coating and thin film growth, are
discussed in Chapter 2. The basics of amorphous coatings and their characterization are discussed and
compared in Chapter 3. Chapter 4 delves into the primary experimental methodologies employed for
assessing coatings. Using the introduced methodology, Chapter 5 and Chapter 6 present novel
approaches to tailor the mechanical properties of a-C:H:Cr coatings to answer the specific applications’
needs and the novel approach to deeply understanding the driving force and mechanism causing the
vein patterns and columnar fracture shape in Cu-Zr thin film metallic glasses, respectively. Finally, the
general conclusions of this work are summarized in Chapter 7, and future prospects have been

mentioned in Chapter 8.
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Chapter 2.

2. Thin film production

This chapter focuses on the thin film deposition technique that has been used in this study and gives a

general overview of the basics of plasma deposition and thin film growth mechanism.
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2.1. Thin film deposition

Thin film deposition techniques are usually sorted out into two prominent families: wet or dry. Typical

deposition methods of thin films are shown in Figure 2-1.

[ Thin film deposition methods ]

s 2
Physical Chemical
»  Electroplating (PVD) (CVD)
»  Spin coating \. J
»  Dip coating
> Sol-gel Vs N
> »  Evaporation » Plasma enhanced CVD
»  Pulsed laser deposition » Atomic layer deposition
»  Cathodic arc deposition » Molecular layer deposition
» | Sputter deposition » Metal organic deposition

»  lon beam sputtering

> *Magnetron sputtering :
» :Reactive magnetron sputtering :

........................................

»  High power pulsed magnetron
sputtering

Figure 2-1. Categorization of the primary thin film deposition methods.

In a wet deposition, a liquid solvent coats the surface. In this method, a fluid precursor undergoes
chemical reactions at the substrate's surface to produce a solid layer. Electroplating is one of these
methods. It includes immersing the item to be plated, also known as inserting the substrate in a solution
that contains the metal ions that will be deposited. On the other hand, spin coating involves applying a
small quantity of coating material to the substrate's center and rotating it quickly afterward. A thin,
uniform coating of liquid is created on the surface of the substrate thanks to centrifugal force. In dip
coating, a substrate is submerged into a liquid solution or suspension containing the appropriate coating
material. Sol-gel is another sub-technique in the wet deposition method that involves dissolving metal
alkoxides or other precursors in a solvent, usually water or alcohol. The sol changes into a gel by the

processes of hydrolysis and condensation, and more heating will solidify the gel [26].

In contrast to wet deposition, the dry deposition techniques include methods that utilize the coating
material in a vapor phase. By operating under a vacuum, which reduces the quantity of impurities, these
techniques lead to improved regulation of the coating composition. There are two basic categories into
which dry deposition methods can be divided. Chemical vapor deposition (CVVD) methods encompass

a suite of techniques where precursor gases containing the source material are introduced into a
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specialized reactor. Within this controlled environment, these precursor gases come into contact with
the substrate surface. Through chemical reactions or decomposition triggered by heat or other energy
sources, these gases break down, depositing the desired material onto the substrate in a controlled
manner. However, one particular kind of CVD method that involves the production of a plasma from
the interacting gases is called plasma-enhanced chemical vapor deposition, or PECVD. In addition to
depositing the thin films from a gas state into a solid, this plasma causes chemical processes that assist
eliminate impurities, improving the mechanical and electrical qualities of the film. Fast deposition rates

may be achieved using PECVD without sacrificing film quality [27].

On the other hand, physical vapor deposition (PVD) operates on a different principle. It involves the
vaporization of a solid or liquid source material into individual atoms or molecules. This vaporized
material then traverses through a vacuum or low-pressure gaseous environment to reach the substrate.
Upon reaching the substrate surface, the vapor condenses, forming a thin film or coating. PVD
processes, such as evaporation or sputtering, rely on physical mechanisms rather than chemical
reactions to deposit material onto the substrate. According to the technique used to evaporate the source
material, such as heating (evaporation) or ion bombardment (sputtering), the PVD process may also be
divided into subcategories. Both the vapor transfer from the source material to the substrate and the
deposition process (vapor condensation) are physical processes that entail little to no chemical
interactions [26]. The PVD process will be the main focus of this study, with a specific emphasis on the
sputtering technique since it allows for better control during the film deposition and can operate under

vacuum, which reduces the amount of contaminants.
2.1.1. Theory of plasma

Plasma, often referred to as the fourth state of matter, is an ionized gas consisting of a collection of free
electrons, positive ions, neutral atoms, and molecules. Plasma has a quasi-neutral state, which means
that while charges may build locally, the plasma is neutral globally. Various methods can generate

plasma, including thermal ionization, electrical discharges, and electromagnetic radiation.
Several parameters characterize the behavior of plasma:

Electron Density (n,): It represents the number of free electrons per unit volume and is typically
expressed in units of cm™3. Electron density plays a vital role in determining the plasma's conductivity

and other electrical properties.

Electron Temperature (T,): It is related to the average kinetic energy of electrons in the plasma. The
electron temperature determines the degree of ionization and influences the energy transfer processes

within the plasma.
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lon Density (n;): The ion density affects the rate of ionization and recombination processes.
lon Temperature (T;): The ion temperature influences the energy distribution of ions.

Plasma Frequency (w,): It describes the characteristic frequency at which charged particles oscillate in

the plasma. The equation gives the plasma frequency [28]:

Wy = \/ne e? /(& Me), [Hz] (2-1)

where e is the elementary charge, &, is the vacuum permittivity* (8.854 x 107'2 farads per meter) and

m, is the electron mass.

Debye Length (Ap): It represents the spatial scale over which the electrical potential in the plasma

changes significantly. The Debye length is given by [29]:

Ap = \/(80 k. T,) /[ (ne.e), [m] (2-2)
where k is Boltzmann's constant.

The processes of plasma-internal collisions are described in Table 2-1. It's noteworthy to observe that
the second reaction causes atom A to be excited before going through a process of photon emission to
return to its ground state. Thus, the plasma emits light that can be seen, and the energy of the photon

relies on the atomic energy levels to reveal the composition of the plasma [30].

Table 2-1. Typical processes occur in low-temperature plasmas [30].

Electrons

1.lonization
e +A- At 4 2e”

2.Excitation
e"+A-> A +e”

3.Penning ionization e~ 4+ A" 5 At + 2e-

4 Elastic collision
e +A->e +A

5.Dissociation
e +A4, e +24

6.Dissociative ionization
e +A,>2e  +AT+ A

! The vacuum’s ability to permit the electric field.
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7.Dissociative attachment
e"+4, > A" +A

8.Dissociative recombination
e"+A3 oA+ A

lons

1.Charge exchange A 4B > A4B

2.Elastic collision
astic collisio At 1B o A* + B

.lonization
3-lonizatio A* +B > A* +B* +e-

4.Recombination
ecombinatio e"+A"+B>A+B

.Dissociation
5.Dissociatio A* +BC > A+B+C

6.Chemical reaction A+BC—>AB+C

2.1.2. Sputter deposition

A well-known thin film deposition method is sputter deposition. Commercially, it is utilized for larger-
scale manufacturing since it can create homogenous films on surfaces up to several square meters in
size. Vacuum requirements, line-of-sight deposition, and challenges in growing films thicker than a few
micrometers can all be disadvantages for specific applications.

Different steps for thin film deposition by this method are as follows [31]:

1) Target material: The target material (cathode) is mounted such that it faces the substrate.

2) Vacuum pumping: In order to create a high vacuum environment, the chamber pumps down to
low pressure (10 Torr) using a vacuum pump.

3) Introduction of inert gas: Argon gas as an inert gas is introduced into the deposition chamber
as the sputtering medium.

4) Reactive gas atmosphere: In reactive sputtering, a reactive gas (e.g., oxygen, nitrogen, or a
halogen gas) is introduced into the sputtering chamber in controlled amounts. This reactive gas is
typically at a lower pressure than the inert sputtering gas, but its presence is essential for the chemical
reaction.

5) Plasma generation: A high voltage (a few hundred volts to several kilovolts) is applied to the
cathode to overcome the Ar ionization energy (15.76 eV). Since the mass of ions is at least 1000 times
more than that of electrons, the energy is mostly transferred to electrons. Ions’ temperature (T;) is low,
around 0.025 eV, and they rapidly exchange energy with the background gas. On the other hand,

electrons have a higher temperature (T,) of around 1 eV which is sufficient to ionize and dissociate

10
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molecules in the plasma. As a result of the temperature differential between electrons and ions (T, >
T;) the plasma is called “cold” or “non-equilibrium plasma.

6) Sputtering: As the energetic Ar* collides with the target material, atoms will be ejected from a
cathode during the physical sputtering process due to impinging energetic particles. In reactive
sputtering, the electric field accelerates electrons in the plasma, leading to increased collisions near the
target material and high ionization. (I) lons may backscatter after being neutralized or (II) produce a
series of collisions prior to being implanted. (IIT) Due to this series of collisions, some target atoms may

sputter. The sputtering process can be seen in Figure 2-2.

® Sputtered atoms + Incident lons
@ Reflected atoms © Secondary electrons
© +
E . e )
3 1] S g1 [
Surface | f
voféoooo OO0 O0OO0O0O0
Altered o0 Oo0O0O0 0O O O OO0 O0
region 0 O O O O O O OO0 O0O0O0O0
(~ 104°)
loooooooo&oooooo
O 0000000000 O0OO0O0O0
OO0 0000000000 O0O0O0o0
Target

Figure 2-2. lllustration of the sputtering process. The first step listed (T) backscattered and neutralized
ions, followed by (II) collisions and implantation, and (III) sputtering. These three mechanisms also

produce secondary electron emission [32]

The most significant result of an ion entering a target surface is the development of a collision cascade,
where elastic collisions between the energetic ion and the target atoms characterize the scattering
process. Three distinct regimes may be distinguished based on the incoming ion's energy. A single
knock-on regime happens for low-energy Ar ions (<100 eV). In this scenario, the energy of the initial
recoils is insufficient to produce subsequent recoils. The initial knock-on recoil at intermediate Ar*
energy (~300 eV) causes secondary recoils, which in turn will cause many collisions. A small portion
of the recoils are spread towards the target surface, while the majority are diffused further into the target.
Recoils can depart the target and be sputtered if they are close to the surface and have enough energy
to break through the surface-binding energy barrier. In the spike regime, the rebound density is

sufficiently high during sputtering with heavy and/or energetic ions (>10 keV to a few MeV) that atom

11
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collisions are possible. However, the linear cascade regime predominates since the Ar* energy is

generally in the range of 400 eV during DC magnetron sputtering [33].

Single knock-on regime Linear regime Spike regime
° s s

‘~ o 9 8 i @

\\‘ f \‘ \ t
B NG I JJJJ“J 0L, .00 ®
aaaa"‘oa 444444 a:a&oa
o 9 P9IV JJJ*‘JJ Jl*ld&l
o 9DV 9 " B B s J }J o 9

Figure 2-3. Schematic presentations of the three regimes of sputtering according to Sigmund [33].

7) Film deposition: In pure metallic film deposition, the ejected particles from the target material
deposit onto the substrate, forming a thin film. In reactive magnetron sputtering, chemically active
species react with the sputtered target atoms, forming compounds. For example, in the case of reactive
sputtering with oxygen, metal atoms from the target combine with oxygen ions to form metal oxides,
and then deposited species adhere to the substrate, forming a thin film with the desired composition.
The film thickness and other properties can be controlled by adjusting the sputtering parameters, such
as the target voltage, gas pressure, and substrate temperature.

2.1.3. Magnetron sputtering

Due to its industrial scalability, high deposition rate, material purity, repeatability, and strong coating
adherence, magnetron sputtering (reactive magnetron sputtering) is the method that we utilize in this
thesis. The low ionization efficiency of the secondary electrons in a traditional sputtering system is a
serious issue since it necessitates high process pressure and high target voltage. A poor deposition rate
is caused by the low ion production, which is further decreased by losses to the surrounding surfaces
(through gas phase scattering due to the high pressure). This issue is mostly resolved in magnetron
sputtering by positioning powerful permanent magnets (0.1 to 0.5 Wh/m?) behind the target. The
secondary electrons are "trapped” by the magnets' strong parallel magnetic field that is introduced near
the target surface, allowing for more effective use of the secondary electrons. The Lorentz force causes
the electrons to spiral around the magnetic field lines, lengthening their paths in the process. This

significantly increases the likelihood of ionizing collisions near the target [34,35].

The intended stoichiometry of each element can vary if a deposition process uses two magnetrons and

two targets (co-sputtering). The ultimate composition will be determined by the current applied to each

12
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target. Typically, larger currents will result in higher deposition rates (i.e., how thicker the coating gets
per unit of time) [2,36,37].

In this study, we focus on three types of magnetron design, including direct current (DC), pulsed DC,

and reactive magnetron sputtering processes [30,31]:

Direct Current (DC) mode: The conductive target (cathode) is connected directly to the negative
potential of the power supply, and the substrate (anode) is mounted in a low-pressure vacuum chamber.

Pulsed DC mode: This technique is helpful when there is a chance of arc discharge damage, such as
during reactive ion sputtering procedures. Operating parameters for pulsed DC magnetron sputtering
include pulsing frequencies (generally between 10 and 350 kHz) and duty cycles (often between 50 and

90 percent).

Reactive Magnetron Sputtering: Using magnetron sputtering in a reactive gas environment makes it
possible to deposit dielectric materials. This technique creates films by co-depositing and reacting the
components or reacting the deposited species with the surrounding gaseous or vapor environment. The
principle of the magnetron sputtering method (whatever the power generation mode) is illustrated in
Figure 2-4. The schematic and detailed explanation of the semi-industrial chamber used in this study
will be discussed in Chapter 4.

I i || mli il I O Reactive gas ions
©® Reactive gas (R)

Gas inlet P |_ Vacuum pumps

b00|::>

—

et materia

Water
cooling

Figure 2-4. The principles of magnetron sputtering (reactive magnetron sputtering).
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2.1.4. Thin film growth mechanism

Understanding the principles behind forming thin films is essential to optimize their various
characteristics. On the substrate's surface, nucleation and growth take place in order to generate a
continuous film. Film growth can be subdivided into multiple stages: adsorption (vapor condensation
on the growing surface), desorption (re-evaporation or reemission) from the surface, diffusion of the
atoms, formation of stable clusters of atoms, coalescence into islands, and finally, the formation of a
continuous film. Those processes are illustrated in Figure 2-5.

D i 0 0
e esorption 0

v i e

Bonding nucleation

Surface diffusionl

Adsorption

Figure 2-5. Typical thin film growth process (Figure adapted from [38]).

The collision between incident atoms or ions and substrate atoms depends on the energy of the

impacting particle, as can be categorized below [38]:

1) An inelastic collision occurs between arriving atoms/ions and substrate atoms if the impacting
atom or ion has very low energy. The incoming atom/ion will exchange energy with the atoms on the
surface of the substrate, and this atom or ion will be adsorbed.

2) In the relatively higher energy, the collision between the incident atom or ion and the atoms on
the substrate surface can still be inelastic. The incident atom or ion will initially become adsorbed on
the surface before re-evaporating from it due to the energy exchange.

3) The atoms on the substrate surface will collide with the incident atom or ion in a perfectly
elastic collision if the atom's or ion's energy is further raised. Since there can be no energy exchange
between the incident atom/ion and the substrate's atoms, the incident atom/ion will be reflected off the
substrate surface.

4) The incident atom or ion has enough kinetic energy to cross any potential energy barriers that
the substrate atoms may provide at extremely high energies thus, it will penetrate the substrate rather

than being reflected by the substrate atoms, which is the implantation process.

14
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Thin film formation in non-equilibrium processes may be explained by one of three main growth modes,
depending on the thermodynamic characteristics of the deposition and the substrate surface contact
between the adatoms and the substrate material (see Figure 2-6) [39]:

Volmer-Weber mode (3D-island growth): Small, stable clusters may develop on the substrate, expand
in three dimensions, and eventually form islands. This form of growth occurs when deposited molecules'

binding energy is higher than the substrate's.

Frank-van der Merwe mode (2D-layer growth): In this mode, the growth takes place in two dimensions,
filling up one atomic layer before forming the next one, and the atoms are more strongly bonded to the
substrate than to each other.

Stranski-Krastanov mode: The production of a few layers precedes the subsequent formation of islands
in this combination of layer and island growth. Due to the unfavorable conditions for continued layer

development after establishing the first monolayer, islands begin to form.

S

volmer-weber (Island structure)

.

Frank-van der merwe (uniform film)
® )

_’.%8. 3%3_’ 3

Stranski-krastanov (mixed growth)

Figure 2-6. Illustration of the development mechanisms of thin films and coatings according to (a)

Volmer-Weber, (b) Frank-Van Der Merwe, and (c) Stranski-Krastanov on a substrate surface [39].

The morphology of films and the main influencers on film morphology are categorized into four growth
regimes or modes according to the structural zone model (Thornton model) for sputter-deposited films
(Figure 2-7). The working gas pressure and the ratio of the substrate temperature to the sputtered
material's melting point have the most effects on these growth types. Four growth modes are named:
Zone 1, Zone T, Zone 2, and Zone 3. Each zone is connected to circumstances where a certain

mechanism dominates the physics of coating development.

15
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e Growth in Zone 1 is achieved at a low ;—5 < 0.1 or 0.2 ratio at discharge pressure < 3.75 mTorr

m

and TT—S < 0.4 at a discharge pressure of 30 mTorr. Adatoms with poor mobility mainly drive

m

this type of growth. Here, T is the substrate temperature and T,,, is the melting temperature of
the material being deposited. Grown film in this zone commonly has cauliflower morphology
with dome tops and comprises tapering columns divided by voids. The resultant films exhibit
self-shadowing properties and are either amorphous or nanocrystalline.

e Transition morphology occurs in zone T at 0.1 or 0.2 < ;—S < 0.3 to 0.4 at discharge pressure <

m

3.75 mTorr and at 0.4 < ;—S < 0.5 to 0.55 at a discharge pressure of 30 mTorr. Dense fibrous

m

grains with a very smooth surface make up its distinguishing features. The grain boundary
diffusions are severely constrained in these films, which can be either amorphous or
nanocrystalline. This promotes competitive grain development and V-shaped grains with a
heterogeneous grain structure. Dense films with big grains form at higher temperatures because

of bulk diffusion and recrystallization.

e Zone 2 can be observed at 0.3 10 0.35 < ;—S <0.7 for discharge pressure < 3.75 mTorr and at 0.5

m

to 0.55 < ;—5 < 0.7 at a discharge pressure of 30 mTorr. It displays a dense columnar structure

m

separated by grain boundaries. Because the columnar grain size increases with T—S in agreement
m

with the activation energies for these mass-transport modes, surface and grain-boundary

diffusion appears to play an increasingly significant role in the evolution of this structure.

e WithinZone 3 (0.75 <TT—S for the entire discharge gas pressure range) the structural configuration

manifests as equiaxed (globular) three-dimensional grains. This characteristic signifies a
discontinuous progression in crystal development, suggesting periodic halting or interruption
in the growth process. Such a distinctive construction pattern is frequently observed under
conditions of heightened substrate temperatures. This phenomenon implies that the elevated
temperature range prevailing within this zone plays a pivotal role in dictating and influencing

the formation of this particular grain structure [40-43].
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Transition structure consisting of
densely packed fibrous grains Columnar grains

Porous structure consisting of
tapered crystallites separated

by voids Recrystallized
grain structure
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Figure 2-7. Structure zone model representing the effects of homologous substrate temperature and Ar

MR

m

discharge-gas pressure on the structure of metal films deposited by magnetron sputtering [42].
2.2. Summary

The wet and dry thin film deposition methods were fully examined in this chapter, and (reactive)
magnetron sputtering was emphasized for its industrial scalability, high deposition rate, material purity,
repeatability, and excellent coating adhesion.

The theory of plasma, a crucial element in many deposition processes, is also covered in detail in this
chapter. It highlights the common low-temperature plasma processes and their importance in thin film

deposition.

A detailed explanation of the sputter deposition process has been covered with an explanation of the

different steps.

The chapter also covered the influence of ion energy on sputtering and thoroughly described the

morphologies of thin film formation.
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Chapter 3.

3. Amorphous coatings

This chapter gives a general overview of the amorphous materials and the motivation of the author to
study the amorphous coatings, especially a-C:H and Cu-Zr thin film metallic glasses. Moreover, it will
provide a literature review on the physical-chemical characterization and mechanical properties of the
mentioned coatings group.



Chapter 3 Amorphous coatings

3.1.  Introduction to amorphous materials

Amorphous and crystalline materials share fundamental traits inherent to solid-state matter, such as
rigidity, incompressibility, and the capability to uphold a distinct shape, defining their classification as
solids. Nonetheless, their crucial disparity resides in their atomic-level organization. In the crystalline
state, atoms assume equilibrium positions structured within a well-defined, extensive, repetitive pattern,
exhibiting long-range order (LRO). Conversely, in the amorphous state, atoms exhibit a disordered
arrangement without extensive, repetitive patterns, and have short-range order (SRO) [44,45].

The genesis of amorphous materials dates back to the 1960s, marked by the discovery facilitated
through the rapid solidification of molten liquids. This breakthrough method enabled the creation of
non-crystalline materials, leading to the identification and exploration of materials exhibiting disordered
atomic structures. This innovation revolutionized our understanding of material science by introducing
a distinct class of solids characterized by their unique atomic-level arrangements, distinct from
traditional crystalline structures. These materials possess enhanced strength and hardness (i.e.,
compressive strength up to 6 GPa for metallic glasses and up to 70 GPa for the amorphous carbon and
hardness up to 130 GPa [46,47]), owing to the absence of the long-range order. The absence of long-
range order results in a high degree of structural disorder and numerous structural defects, including
irregularities in atomic packing. These defects act as barriers to the movement of dislocations, which
are one of the primary mechanisms by which crystalline materials deform under stress. The metastable
nature of amorphous materials and their random atomic packing give rise to distinct structural and

mechanical properties [48].

The transition from liquid to a solid state is seen in Figure 3-1 where matter volume is plotted versus
the temperature. The volume of the matter continuously reduces as it cools. The slope of the volume-
temperature curve represents the liquid's thermal expansion coefficient (a measure of how much a
material expands or contracts when its temperature changes). The transition from liquid to solid occurs
when the temperature falls below the melting point (T;,)(except liquid helium). The volume-
temperature curve's sudden volume contraction and discontinuity indicate the transition from liquid to
solid. If the cooling rate is fast enough, the liquid state can be preserved up to the glass transition

temperature (Ty). The second solidification event is the change from liquid to amorphous phase.
Numerous investigations have demonstrated the strong connection between the cooling rate and T,
demonstrating the kinetic character of the T,,. High cooling rates cause the liquid to become "frozen™ at
higher temperatures (Tq1) because the atoms won't have enough time to arrange themselves. An
exceptionally (meta) stable glassy structure with a higher energy and free volume content is the final
product. Reduced cooling rates let a certain amount of atomic organization occur in the supercooled

area prior to freezing, which also leads to a denser structure and a lower value of T4 (Tg2) [49,50]. The

19

—
| —



Chapter 3 Amorphous coatings

cooling rate is a crucial process parameter that determines the microscopic structural arrangement rate
required to maintain equilibrium during cooling. It is connected to the nature of atomic bonds. Polymers
can turn to an amorphous state rapidly at low cooling rates because they are made of long
macromolecular chains (covalent bonds) with little spatial mobility (102 Ks™). Longer periods of atomic
organization are required for polymers to crystallize, which increases their glass-forming ability
(GFA%). However, in order to undergo the glass transition, liquid metals with non-directional bonding
and significant melt mobility require a faster cooling rate. Depending on the composition of the alloy,
typical values range from 10° to 108 Ks, indicating that these materials have a high crystallization

capacity and a lower GFA than a covalent glass [44,51,52].

Liquid

Volume

Temperature

Figure 3-1. Cooling paths from liquid to solid. Path 1 route to crystalline structure, and Path 2 and 3
routes to amorphous structure with different cooling rate effects on Tg [50].

Since only two groups of amorphous thin films will be studied within this thesis, we will focus on a
short introduction of each group, their characterization, and their properties, which have been studied

in the literature.

1 GFA is the capacity of a material to remain amorphous in the absence of any crystallization. A balance between

kinetic, thermodynamic, and topological considerations is shown by the GFA's preference for mixtures where the

liquid is comparatively stable in relation to crystalline phases.
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3.1.1. Amorphous carbon

Carbon can be categorized into several types of allotropes based on how the C-C bonds are hybridized,
including sp (carbyne), sp? (graphite, graphene), and sp* (diamond). The structure of different allotropes
is illustrated in Figure 3-2. Five key parameters categorize the carbon films: (i) the sp® content; (ii) the
sp? phase clustering; (iii) the sp? phase orientation; (iv) the film cross-sectional nanostructure; and (v)
the overall hydrogen content. The hydrogen concentration and the sp%sp? ratio have a relationship with
the tribo-mechanical characteristics of carbon films. The chemical, mechanical, and tribo-mechanical
characteristics of the films are influenced by the hydrogen concentration, whilst the sp/sp ratio controls
the mechanical properties and the films' adherence to other surfaces. Nevertheless, there is a
complicated link between these factors and the films' tribo-mechanical characteristics. For instance, a
higher sp? concentration in the films may produce softer films, but a higher sp® level may produce harder
films. Similarly to this, adding more hydrogen can make the films more resistant to wear, but too much
hydrogen decreases the films’ hardness and young’s modulus. The sp? clustering, sp? orientation, or
cross-sectional nanostructure mainly affects the optical and electronic properties. To get the appropriate
tribo-mechanical properties of the films, a delicate balance between these parameters is needed
[22,23,53].

Londsdaleite

Graphene Amorphous cérbon C540-fullerite Carbon nanotube

Figure 3-2. Carbon allotropes: diamond, graphite, lonsdaleite, C60-fullerene, graphene, amorphous

carbon, C540-fullerite, and single-walled carbon nanotube (Figure adapted from [54]).

In the sp® configuration, each of the four valence electrons of the C atoms is involved in a tetrahedrally
directed sp? orbital that creates a strong ¢ bond with a neighboring atom. However, in the three-fold
coordinated sp? configuration, three out of four valence electrons involved in the trigonally directed sp?
orbitals form the planar ¢ bonds, and the fourth electron lies in the pz orbital in the normal direction to

the o bonding plane [22,23,53]. The orbital hybridization model is shown in Figure 3-3.
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sp? sp? sp!

() (b) (©)

Figure 3-3. Hybridizations of carbon a) sp3,b) sp?, and c) sp* configuration (Figure adapted from [53]).

Amorphous carbon (a-C) is the result of incomplete carbonization. It is characterized by a broad range
of C-C bond length and angle and lacks long-range structural ordering. sp? and sp® hybridizations with
a minor sp contribution are the product of a-C orbital structure, which is influenced by the synthesis
conditions, precursor molecules, and substrate material. As a result, the carbon atoms in a—C may
undergo distinct hybridizations; some may undergo sp? hybridization, which involves three equivalent
sp? orbitals and one p orbital remaining, while others may undergo sp3 hybridization (involving four
equivalent sp® orbitals). A small amount of sp hybridization is present, indicating that sp? and sp® are
mostly responsible for the carbon atom hybridization in a-C and sp hybridization plays a minor role in
this process [24,55].

A kind of a-C known as hydrogenated amorphous carbon (a-C:H) contains hydrogen in addition to
various amounts of tetrahedral (sp®) and graphite-like (sp?) carbon bonds. Because of its distinct
qualities, a-C:H is often used as a protective coating in the industry. They have low dry-wear resistance,

and the surface hydrogen improves lubricant adhesion [56].
a-C:H are classified into four types [22,57—60]:

1) a-C:H films with the highest H content (40-60 at.%): These films may contain up to 70% sp®.
Although the material is soft and has low density, most of the sp* bonds are H-terminated. These films
are what we refer to as polymer-like a-C:H. (PLCH). The bandgap is about 2-4 eV. Usually, low bias
voltage plasma-enhanced chemical vapor deposition (PECVD) is used to deposit these films.

2) a-C:H films with intermediate H content (20-40 at.%): These films have more C-C sp® bonds
than PLCH, although having a lower total sp® concentration. They, therefore, possess greater

mechanical characteristics. Their optical gap ranges from 1 to 2 eV. These films are called diamond-
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like a-C:H (DLCH). Typically, they are deposited by reactive sputtering or PECVD with a modest bias
voltage.

3) Hydrogenated tetrahedral amorphous carbon films (ta-C:H) belong to a class of Hydrogenated
diamond-like carbons (DLCHs) where a constant H content can coexist with an increase in C-C sp®
content. Most films listed as ta-C:H in the literature are merely DLCH. As evidenced by their Raman
spectra, greater density (up to 2.4 g.cm=), and higher Young's modulus (up to 300 GPa), ta-C:H films
are really in a separate group due to their higher sp3 content (70 percent) and 25-30 at% H. Their optical
gap is 2.4 eV or more. High-density plasma sources like plasma beam sources (PBS) and the electron
cyclotron wave resonance (ECWR) deposit these layers.

4) a-C:H with low H content (less than 20 at.%): They exhibit sp? clustering and high sp?
concentration. The gap is less than 1 eV. We refer to these films as graphite-like a-C:H (GLCH). They
are typically deposited using magnetron sputtering or PECVD at high bias.

The ternary phase diagram shows the various forms of amorphous carbon in Figure 3-4.

sp3 Diamond-like

magnetron assisted
plasma deposition

HC polymers
sputtered a-C(:H)

glassy carbon no films
graphite C

sp? H

Figure 3-4. Ternary phase diagram of various amorphous carbon forms (Figure adapted from [57]).

The area without C-C bonds is indicated on the phase diagram's lower right side; as a result, no films
may be synthesized there. The phase diagram's lower left side displays amorphous carbon with no
hydrogen, such as chars and soot (about 100 percent sp? bonds). Tetrahedral amorphous carbon (ta-C),
which is represented by the upper-left of the phase diagram, is a name for amorphous carbon films with
a high degree of sp® bonding (>80%). The area of a-C:H films with varying hydrogen contents and
sp®/sp? bonding ratios is depicted in the middle of the phase diagram. The characteristics of several

amorphous carbon film types are compiled in Table 3-1.
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Table 3-1. Comparison of major properties of amorphous carbons with those of reference materials:

diamond, graphite [57].

3 (0 : -
Sp°® (%) H (%) Densﬂgl) (g.cm H?(r;dpnae)ss Gap (eV)
Diamond 100 0 3.515 100 55
Graphite 0 0 2.267 0.3 0
ta-C 80-88 0 3.1 80 25
a-C: H hard 50-70 28-15 1.6-2.2 10-20 1.1-1.7
a-C:H soft 0-70 15-35 1.2-1.6 <10 1.7-4
ta-C:H 70 30 2.4 50 2-2.5

The hardest known material is diamond, which has a hardness of 100 GPa and comprises carbon atoms
arranged in a tetrahedral configuration. Additionally, it possesses the highest packing density of carbon
atoms and the biggest bandgap (4.5-6.0 eV) (3.515 g.cm™®). In contrast, graphite, which has a layered
hexagonal carbon structure, has a low hardness (11.5 GPa), a high density (2.267 g.cm=), and no
bandgap. Based on the sp® ratio (0-90%) and hydrogen concentration (0-65%) of the material, the
characteristics of the substance exhibit a wide range, including densities (0.6-3.5 g.cm™), hardness (3-
65 GPa), and optical bandgap (0.8-5.0 eV) [57,61,62].

3.1.2. Cu-Zr metallic glass

One particular metallic glass (MG) system that falls under the category of binary MGs is the Cu-Zr
system. Due to their exceptional mechanical properties, Cu-Zr-based MGs have garnered increasing
attention in recent years. These alloys exhibit high tensile strength (up to 3.5 GPa) [63], four-point
bending fatigue strength ( around 500 MPa for 37766 cycles) [64], hardness (up to 10 GPa) [65], fracture
energy release rate (3-150 kJ/m?) [66], excellent glass forming range (20 at% - 70 at% of Zr) [67],
variable Young's modulus ranges from approximately 40 to 114.3 GPa [68,69], cutting machinability,
and corrosion resistance. Cu-Zr-based MGs are more appealing because they are composed of common

and inexpensive elements [70-72].

One of the key factors contributing to the desirable properties of Cu-Zr-based MGs is their rapid
manufacturing process, a wide GFA, and the creation of a stable amorphous structure due to variations
in atomic sizes between Zr (1.60 A) and Cu (1.28 A), as well as their low AH¢ of max -23 kJ/mol [67,70—
72]. They exhibit an ordered structure from a chosen atom (~0.5 nm) at least within the first neighbor
coordination shell. The results of diffraction studies, which indicate the existence of an initial, intense
diffuse halo followed by a second, broader, less intense one that contains important information about
the local order, are closely linked to the evidence of an SRO [44,51,73,74]. Furthermore, according to

the studies by Kaban et al. [41], Icosahedral-like structures with potential distortion and/or truncation
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are present in Cu-Zr basic structural units. The term "icosahedral” refers to a particular geometric
arrangement of atoms, which resembles a 20-sided polyhedron and locally maximizes the density of
packing and are incompatible with the crystalline structure. It influences the material's properties,
including its mechanical and thermal behavior. Distortions or truncations in these structures can affect

the material's hardness, ductility, and other mechanical properties [70,75,76].

The binary Cu—Zr system contains 12 phases: HCP-Zr (aZr), BCC-Zr (BZr), FCC-Cu (Cu), intermetallic
compounds; CusZr, CusiZria, CugZrs, CuzZr, CuioZr7, CuZr, CusZrs, CuZr,, and liquid [77]. The Cu-Zr
binary phase diagram with more possible regions for amorphization is shown in Figure 3-5. The solid-
liquid phase boundaries and lines of equilibrium are depicted. However, amorphous films are in the
metastable phase since an intrinsically out-of-equilibrium process is being used during the production.
In conditions far from equilibrium, thermodynamics alone will not be adequate to understand phase
formation, phase selection, and microstructure, nor will it have enough time to bring about an
equilibrium state. The intermediate states, or metastable phases, of a thermodynamic system, are those
that can persist for a long time before transitioning to a more stable phase. Through the integration of
solidification kinetics, scientists may acquire a clearer knowledge of the advancement of metastable
phases within the Cu-Zr system. While kinetics provides the data necessary to understand the system's
evolution over time, thermodynamics provides a framework for understanding the energetics of the
system [78-80].

In the Cu-Zr system, for instance, Liu et al.[81] investigated the thermodynamics of rapid solidification
and the Kinetics of crystal growth. The study took into consideration the solute's relaxation period and
looked at growth rates and thermodynamic driving forces in rapid solidification. The findings
demonstrated that the crystal's growth rate was inversely proportional to the solute's relaxation time and

directly related to the driving force.
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Figure 3-5. Binary Cu—Zr MG phase diagram (Figure adapted from [17]).

In order to analyze the thermodynamic characteristics of these compounds, it is necessary to compute
the ground-state total energies of the eight Cu-Zr intermetallic compounds, in addition to pure copper
and zirconium. The differences between the total energy of Cu.Zr, and the linear combination of the

stable state energies of pure copper and zirconium are the enthalpy of formation for a certain Cu-Zr

intermetallic compound. Therefore, the enthalpy of formation is

CuqZry
Achazrb _ AHporq

c z
_(aAHS(;llid-'-bAHsorlid) (3_1)
formation — (a+b)

where AH?Z{.‘aZlT” is the total energy of the CuaZry initial cell containing ‘‘a’’Cu atoms and ‘“b’’Zr atoms

with their stable ground state structures, AHS,, is the total energy of one Cu atom in a face-centered
cubic structure with its equilibrium lattice parameters and AHZZ;, is the total energy of one Zr atom in
a hexagonal close-packed structure with its corresponding equilibrium lattice parameters [77,82-85].
The thermodynamic stability of Cu-Zr intermetallic compounds can be extracted from the enthalpy of

formation. The enthalpy of formation and the space group of each phase is illustrated in Table 3-2 and

Figure 3-6.
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Table 3-2. Crystal structures of phases in the binary Cu-Zr system [77].

Phase Space group AH;s (kd/mol)
Cu-Al Fm3m
CusZr F 43m -11.77
Cus1Zr14 P6/m -9.5
CusZrs Pnma -16.3
CuzZr Amm2 -11.6
Cu1oZry Aba2 -16.1
Cuzr Pm3m -6.1
CusZrs Pbam -5.3
CuZr, [4/mmm -12.7
oZr Im3m ---
BZr P63/mmc

Formation Energy (kJ/mol/atom)

© »® & o

12
15
18
21

-24

CuZr,

® Duetal
> 10<'7 ® Zeng et al.

> A Wang et al.
w Saunders etal.
<4 Kleppa et al.
v p» Ghosh et al.

40 60 80 100
Mole-fraction of Zr (%)

Figure 3-6. Heats of formation values for the Cu—Zr binary system intermetallic compounds [77,84—

88].

The thermodynamic stability and reactivity of each phase is determined from the Cu-Zr system enthalpy

of formation data. A more negative enthalpy of formations implies more thermodynamically stable

intermetallic compounds [77].

The kinetic perspective defines homogeneous nucleation and the development of a spherical crystalline

phase from the undercooled liquid, named the nucleation frequency, J(T) as [89]

10

-16nap , Ty

J(T) = X exp [ (L),

n
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where, T, = (T/T,,) is the reduced temperature, n is a viscosity (m2.s?), a« and B dimensionless

parameters related to the energy of the liquid / solid interface (o), expressed by the following equations
a = (NoV)/30/AH;, (3-3)

B = ASs/R, (3-4)

. . AH . .
where N, is Avagadro’s number, R is the universal gas constant, A4Sy = s /Tm’ and V is the atomic

volume of the crystal. The above equations indicate that the increase in  and a values will decrease the
AHj value in the thermodynamic term. It is concluded that if the ap** term in this equation is above 0.9,
crystallization will not take place at any cooling rate, and the amorphous film will grow; however, it
will not be possible to prevent the crystallization of liquid when ap*? is below 0.3 [90,91].

3.2. Characterization of amorphous coatings

Coatings, with their diverse applications across various industries, have become integral in tailoring
and enhancing materials' mechanical and tribological properties. A comprehensive understanding of
coating characteristics is pivotal for predicting and optimizing performance in engineering applications
[92]. This section delves into the nuanced characterization of two distinct coatings (amorphous carbon
(a-C:H) and Cu-Zr TFMGs) and aims to decipher the intricate relationship between deposition

parameters' effect on the film characteristics and resultant mechanical properties.
3.2.1. Characterization of a-C coatings

The characterization of a-C:H coatings allows us to understand their microstructure, chemical
composition, and binding configuration, which are closely linked to their mechanical and tribological
performance. The hump peaks indicating (002) and (100) planes of graphite with rapidly decreasing
intensity (characteristic of short-range ordered amorphous materials) in a-C films X-ray diffraction
(XRD) analysis is evidence for their amorphous state. Here, the XRD pattern of the deposited a-C:H
film with graphite target is seen in Figure 3-7. However, it is essential to note that XRD analysis alone
may not fully characterize a-C due to its disordered nature. Complementary techniques, such as
spectroscopy and microscopy, are often employed to comprehensively understand a-C’s properties and
behavior.
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Figure 3-7. XRD pattern of amorphous carbon (Figure adapted from [93]).

This group of coatings shows low surface roughness even though they have columnar growth structures.
Low roughness results from their amorphous nature and deposition parameters also influence the final
surface roughness. Figure 3-8 illustrates the cross-section, top view, and surface roughness of
magnetron sputtered a-C film characterized by Zhang et al. [94].

Figure 3-8. SEM image of (a) top view and (b) cross-section besides (¢) AFM image of the a-C film
(Figure adapted from [94]).

Generally, the a-C coatings show the common features of D (at around 1380 cm™) and G (at around
1580 cm™) bands in the 800-2000 cm™? region in their Raman spectra. Figure 3-9 shows typical Raman
spectra of the a-C films with indicated D and G peaks.
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Figure 3-9. Raman spectra of a-C film (Figure adapted from [95]).

The G peak is considered to arise from the bond stretching of all sp? atom pairs in both rings and chains
and the D peak is due to the presence of non sp? sites but activated by the presence of the sp?sites and

arises from various types of non sp? sites including sp® sites and is due to the breathing mode of sp?
2
atoms in rings [96]. Thus, by studying the Raman spectra of films, the ratio of Z% can be extracted

which is a qualitative way to study the graphite structure and hydrogen content in the film. The sp?
hybridization results in the formation of double bonds and is characteristic of graphite-like structures,

while sp3 hybridization forms single bonds and is associated with hydrogenated or amorphous carbon
structures (disordered structure). Thus, the higher Z:% ratio shows higher amount of graphite-like (sp?)

and potentially hydrogenated (sp3) carbon bonds in the film.
3.2.2. Characterization of Cu-Zr thin film metallic glasses

Cu-Zr films with an amorphous state can be obtained on a wide composition, ranging from 20 to
70.0 at.% Zr. As the Cu content increases, the hump peak shifts to the higher 26° due to the reduction
in the mean distance between the initial neighbor atoms. It is caused by the Cu atoms’ smaller atomic
size and/or by stronger atomic bonds by increasing the Cu content [70,72,97]. Figure 3-10.a shows a
typical XRD pattern for Cu-Zr TFMGs studied by Brognara et al. [63]. Figure 3-10.b shows the decrease
in lattice spacing and hump peak shifting by increasing the Cu content. Using the Ehrenfest formula
(r = 0.615 x A /sin @ [77]) to compare the mean distance between the initial neighbor atoms and
calculations according to the rule of mixture shows a very high density of films with Cu contents above
50 at.% [71].
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Figure 3-10. (a) XRD patterns of the as-deposited Zr—Cu thin films deposited on the glass substrate
(b) The equivalent lattice spacing and hump peak position change with the Cu content in Cu-Zr
monolithic TFMG (Figure adapted from [63,72]).

Cu-Zr based TFMGs are characterized by extremely low roughness as well, due to their dense and
amorphous structure, with the absence of grain boundaries. Controlling the thin film growth through
the discharge parameters allows direct control of the final structure. Thin film growth depends on
deposition parameters during the growth process, namely: substrate temperature, deposition power,
pressure, and alignment of arriving atoms with the substrate. The deposition parameters determine
plasma conditions and affect film growth, which in turn influences the microstructure and properties of
the thin film as discussed rest of this section [63,98-100].

Zeman et al. [101] deposited Cu-Zr films using DC magnetron sputtering within two different
deposition power densities of 40 W/cm? and 1000 W/cm?. According to them, introducing the
amorphous film decreases the surface roughness even more by increasing the Cu at.%. Moreover,
increasing the power density decreases the surface roughness from around 1.5 nm to below 1 nm. Figure
3-11 illustrates the AFM topographic scans and cross-sectional scanning electron microscopy (SEM)
images of pure Zr, Cu, and monolithic Cu-Zr TFMGs.
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(d)

Figure 3-11. The surface morphology (AFM images) and the microstructure in cross-section (SEM
images) of (a) the pure Zr film, the Cu-Zr films with (b) 49 at.% and (c) 69 at.% Cu and (d) the pure
Cu film deposited at the high power density conditions (Figure adapted from [101]).

Although several studies have shown different fracture shapes in cross-sections of Cu-Zr based TFMGs,
the reason behind these differences is still not well understood. For instance, columnar growth and
cross-section are reported by Rauf et al.[69] or vein patterns illustrated by Brognara et al. [63], as can
be seen in Figure 3-12. Besides, featureless shape, as shown in Figure 3-11. It has been proposed that
the large substrate-to-target distance and low deposition power during film formation generate a less
homogenous flow of sputtered atoms, which reach the substrate with reduced energy and lead to cluster
growth and, ultimately, a columnar structure [63]. However, there is no rational explanation for the
different fracture behaviors, even if the initial growth shape is similar in different Cu-Zr TFMGs.
Similar amorphous film composition with a different fracture behavior must be addressed well since it

can later explain the material's mechanical characteristics or end-user application.

Figure 3-12. (a) columnar and (b) vein-like cross-section morphologies of Cu-Zr based TFMGs.

32

—
| S—



Chapter 3 Amorphous coatings

3.3.Mechanical properties of coatings

Examining coatings' mechanical characteristics has significant effects on real-world uses. To ensure
that these coatings work well in a variety of situations, it is essential to comprehend their mechanical

behavior.

Challenges with a-C:H films stem from their poor adherence to metals, which is caused by bonding
mismatches at the substrate/film interface and compressive stresses. Techniques like interlayer coatings
and doping with materials like titanium and chromium are investigated to customize their mechanical
characteristics. Optimizing a-C:H films is essential to guarantee their performance in applications such

as wear-resistant coatings by overcoming adhesion and hardness issues [102,103].

The problems for Cu-Zr TFMGs are related to recrystallization, oxidation, and the delicate balance
required to preserve their amorphous structure. These coatings' wear resistance and general durability
largely depend on their mechanical attributes, such as hardness and fracture toughness. Some of the
tailoring tactics are adjusting the Cu/Zr ratio, investigating multilayer structures, and comprehending
the influence of secondary phases on mechanical softening. The development of Cu-Zr TFMGs with
enhanced hardness, wear resistance, and thermal stability due to successfully overcoming these
obstacles makes them attractive options for applications seeking durability at high temperatures
[104,105].

In addition to providing a general comparison of the two groups, this section will go into detail regarding
the various factors that influence the mechanical properties of the coatings group mentioned and provide

a general overview of their impact on adhesion, wear resistance, and fracture toughness of the coating.
3.3.1. Mechanical properties of a-C coatings

Because of their high compressive stresses and mismatched bonding types at the substrate/film
interface, hydrogenated amorphous carbon (a-C:H) films exhibit poor adhesion to metals in general.
The functional qualities of a-C:H under various situations must be ensured by a strong adhesive strength
on the substrate in order to prevent failure. Applications of interlayer films based on carbide-forming
elements such as Si, Cr, or Ti are popular to increase the adhesion strength on metallic substrates [102].
Adding a dopant is another technique to increase the a-C:H coatings’ adherence to the substrate. It has
been shown that doping a-C:H coatings’ with titanium and chromium reduces internal stress, fracture

risk, and material surface peeling [103].

a-C:H films show lower hardness compared to another group of a-C films due to the higher amount of

sp? and H% in their structure. Thus, it can be noted that the average hardness for this set of films can
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vary between 3-10 GPa depending on the doping material and deposition process. It is well noted that
adding a metallic underlayer may sacrifice the hardness while increasing the adhesion to the substrate
material. Besides that, the doping material affects the films' wear behavior. A recent study by Lie et
al.[104] illustrated in Figure 3-13 shows improved wear behavior of a-C:H:Cr thin films, with a slight
decrease in hardness value. The reason for the decline in hardness is related to the production of Cr-C

or metal nano-cluster phase, which disrupts the continuity of the carbon network.

80
(b) ELC
60.52 = tgi
60 55.54 "
2 - 4749
S z
g - g 40 36,5
£ g 32.9 -
i-; 25.1 27.2
227 :
20F 17,6

H-DLC

H-DLC Cr-H-DLC B-H-DLC Cr-H-DLC B-H-DLC

Figure 3-13. (a) the hardness of the a-C:H:Cr layers and (b) critical load during scratching (LC1, LC2,
and LC3 represent the occurrence of the first microcrack, a significant portion of peeling flake and

full coating removal, respectively) as a function of the doping agent (Figure adapted from [43]).

Furthermore, applying a bias voltage during film deposition can lead to improved ion bombardment of
the growing film's surface. This ion bombardment removes less densely packed atoms, leading to an
increase in film density and hardness. The degree of enhancement can be controlled by adjusting the
bias voltage, making this technique valuable for tailoring the properties of thin films in various
applications [105-107]. Moreover, the effect of C2H> gas rate on tuning the mechanical properties of a-
C:H films has attracted large attention. The research shows that a higher C,H, proportion results in a
lower hardness and elastic modulus. The reason for this negative effect of the C,H; flow rate is that an
increasing amount of C>H. in the deposition chamber results in a higher H content within the a-C:H
films. This leads to more terminating C-H bonds in the a-C:H structure, resulting in lower density,
hardness, and elastic modulus [108]. Figure 3-14 illustrates the counterplot of the a-C:H films hardness
and Young’s modulus plotted against the C>.H> flow rate and applied bias voltage. a-C:H films have

been deposited by the industrial magnetron sputtering device using the C,H> as the precursor gas.
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Figure 3-14. contour plot of the (a) hardness and (b) Young’s modulus plotted against the C>H, flow
rate and applied bias voltage (Figure adapted from [108]).

The hardness and the elastic modulus of a-C:H coatings exhibit a tendency to increase with a decrease
in the deposition pressure. It can be inferred that the amount of dissociation and ionization of the
precursor gases is decreased by reduced deposition pressure because it results in a possibility of
electrons and molecules colliding. Thus, in this near collisionless scenario, the lowest deposition
pressures at which plasma stability can be achieved allow for an increase in the ion average energy
while a reduction in the ion energy distribution. Another possibility is that the films' mass growth is
significantly influenced by the neutral species in the plasma phase (radicals and intact molecules) at
higher pressures. Although a-C:H group has lower mechanical properties than DLC or ta-C, these
coatings are in use to protect magnetic storage media from wear and corrosion due to their superior
scratch resistance, bearings, gears, seals, engine components, oil media, and operation under ultra-high
vacuum conditions [109-111].

In their study, Xia et al. [112,113] suggest different approaches to compare the fracture toughness of a-
C:H coatings. According to their results, in this coating class, they were able to tailor the fracture

toughness by multilayering and manipulating the bias voltage. Fracture toughness values extracted from

nanoindentation by employing the K. = f% equation. Here U is the energy dissipation, E is the

film’s young’s modulus, and U is the films’ Poisson ratio (0.22 — 0.33). The fracture toughness varied
between 1.24 and 2.09 MPa.+/m depending on increasing the number of sub-layers and/or bias voltage.
A comprehensive study on a-C films has been conducted by Jonnalagadda et al. [114], indicating that
fracture toughness in this group of the coating varies between ~ 3.06 + 0.17MPa.+/m and 4.4 + 0.4
MPa.~+/m where the average is 4.03 + 0.74 MPa.~/m for the coatings with 70-80% sp® carbon bonding.
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3.3.2. Mechanical properties of Cu-Zr based coatings

According to the previously done works, Cu-Zr based coatings have been customized majorly by
tailoring the CZ—LTL ratio during the deposition process. The effect of composition change in Cu-Zr TFMGs

has been studied by Apreutesei et al. [72], Wang et al. [115], Rauf et al. [69], and Coddet et al. [71].
They all connected the reason for the increase in hardness and Young’s modulus to the packing density
of the final composition. Copper has smaller radii than Zirconium and can be packed more closely
within a crystal lattice. Thus, increasing the Cu content in the composition will result in a more compact
structure and, consequently, a larger packing density. Furthermore, arranging atoms in a full-icosahedral
structure makes the composition more resistant to deformation and enhances its hardness [63].

Abboud et al. [116,117] studied the hardness behavior of CussZrss/Zr film deposited on stainless steels.
Their study shows that monolithic metallic glass/crystalline samples have higher hardness than pure
nanocrystalline Cu. Also, they showed that adding the crystalline Cu layer will decrease hardness by
increasing the layer thickness; however, the addition of Zr assists in keeping the hardness high even by
increasing the thickness (Figure 3-15). A decrease in hardness by increasing the Cu layer can be
explained by Hall & Petch's law, which states that by increasing the crystalline phase thickness, more

dislocation nucleation and motion will influence the materials’ hardness [116,118,119].
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Figure 3-15. The hardness of CussZrss/Zr nanolayers (red points). CussZrss/Cu (black dot-lines with

points) as a function of the thickness of the Cu or Zr layer. The hardness of nanocrystalline Zr (black

36

—
| —



Chapter 3 Amorphous coatings

dot-lines), CussZrss thin film metallic glass (blue dash-lines), and Cu (orange dash-lines) is shown for
comparison. The inset shows elastic modulus (E) values of Zr (black dot-lines), CuassZrss (blue dash-
lines), and CuassZrss/Zr (red points) using the same marker and line style convention as that of the
main plot (Figure adapted from [116]).

Wang et al. [115], Jeong et al. [120], and Sun et al. [121] conducted studies on increasing the total film
thickness from 100 nm to 300 nm (Figure 3-16). Regardless of composition, they found that the Cu-Zr
TFMG hardness value decreased with increasing film thickness. The shear transformation zone (STZ)
volume, which refers to the volume of a limited area inside a material where a shear transformation can
take place, was identified as the cause of this phenomenon. The following are some of the main
conclusions drawn from these investigations: Structure heterogeneity results from a decrease in STZ
number but an increase in size as film thickness increases. The mechanical and plastic characteristics
of the thin film are significantly influenced by the activation volume, which also controls a large amount
of the mechanical properties. It was discovered that the STZ activation volume ranged from 2.5 to 6.6

nm.

These results imply that the mechanical properties of thin films are significantly influenced by the STZ
activation volume and that comprehending this connection is essential to maximize the performance of

various materials and devices.

—a— Hardness extracted at 100 nm
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—a— Hardness extracted at 300 nm
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Figure 3-16. Hardness plot for different compositions in the binary Cu—Zr system, extracting at depths
of 100, 200, and 300 nm using the Oliver—Pharr method (Figure adapted from [115]).

Despite the initial expectation that CuZr base TFMGs would exhibit exceptional wear resistance due to

their high hardness, conflicting reports have emerged from research groups. This is because mechanical
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softening caused by the rapid spread of secondary phases (SPs) often overshadows the potential benefits
of high hardness. To address this issue, scientists have explored the use of multi-layers, such as MG/MG
and/or MG/Crystalline architectures, to tune the friction coefficient. However, selecting the optimal
composition is crucial. If the composition is not carefully chosen, multilayering can actually display the
opposite trend. For instance, Abboud et al.[116] investigated the wear behavior relationships in CuZr
monolithic TFMG and CuZr/Zr nano-layered coatings with layer thicknesses ranging from 10 to 100
nm.

Their results showed the scratch resistance was highest for the monolithic CuZr and decreased with
decreasing layer thickness for nanolayered coatings, although hardness and modulus remained constant.
Also, the interfacial delamination, in the form of buckling was observed in the nanolayered coatings.
Since the interface between the CuZr and Zr layers is weak, having more interfaces facilitates plastic
deformation and lowers the resistance to scratch penetration. The strain mismatch between the
crystalline and amorphous layers, followed by the plastic deformation of the Zr layer, is likely to be the
first cause of shear fracture at the interface and a decrease in the resistance to scratch penetration [122].
This interface-dominated wear pattern explains the maximum scratch resistance in CuZr without any
interfaces and the scratch resistance monotonically declining with increasing interface density, as seen
in Figure 3-17.
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Figure 3-17. (a) SEM image of 10 scratches on CuZr/Zr-40. The red rectangle represents the region of
FIB cross-sectioning. (b) 10 penetration depth profiles for CuZr/Zr-40 measured during scratch
loading, demonstrating the repeatability of the measurements. (c) Penetration depth profiles for each
sample were measured during scratch loading. The inset at the top right shows the residual scratch
depths, as measured by AFM at ~ 20-um intervals along selected scratches. (d, e) Scratch track
profiles were measured by AFM on selected scratches at locations of 250 mN and 400 mN loading,

respectively. (c—e) have the same color coding (Figure adapted from [116]).
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The fracture toughness of Zrs;1CusiAlisNis TFMG has been studied by Li et al.[123]. For comparison,
the same test was also carried out on bulk metallic glasses (BMGs), crystalline Ti thin films, and TiN
thin films. Figure 3-18 reveals the load vs. deflection curves that were produced. Zr-based TFMGs,
BMGs, and Ti films displayed nonlinear yielding behavior beyond the linear region of elasticity, which
is indicative of ductile deformation. The following are the observed values for fracture toughness: Zr-
based TFMG (3.84 MPa.+/m), TiN (2.15 MPa.r/m), and Ti (0.74 MPa.~/m). The notch toughness

method by including the geometric factor of f (%) has been employed for the fracture toughness
calculation. The fracture toughness has been calculated using K;. = % f (%) equation where E,, 4.,

B, and L are the fracture loading, the width of the microcantilever, and the distance between the notch
and loading point, respectively [124]. Regarding this study, Z-TFMG was shown to require more energy
for the creation of fractures than were the other materials. Also, Z-TFMG and BMG microcantilevers

presented ductile fracture behavior where TiN film has a brittle nature [125].
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Figure 3-18. Typical load versus deflection curves of each microcantilever (Figure adapted from
[123]).

The fracture toughness and energy release rate of CuersZrs2, TFMG examined by micro-fracture

experiments by Schnabel et al. [126] showed fracture toughness of 2.7+0.5 MPa.~/m and energy release
rate of 60 J/m?.

One approved and facilitated method to extract the fracture toughness of TFMGs is to relate it to the
corrugation or vein width. In this method o, is the yield stress, and w is the average size of corrugated
patterns. Thus, the fracture toughness can be calculated from K. = ay\/m [127]. Liu et al. [128]
have extracted the fracture toughness of Zr—Cu doped with Ni-Al-Hf-Ti thin film with this method,
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where the value is 3.7 + 0.4 MPa.+/m.One crucial aspect we emphasize in this thesis is the omission of
reporting the oxygen content in previous studies that examined the cross-sectional structure of Cu-Zr
base TFMGs and described it as columnar. We believe it is essential to consider the oxygen content in
the deposition process as it can significantly influence the coatings' microstructure, fracture behavior,
and mechanical properties. Therefore, we critique the previous studies for not accounting for this crucial
parameter, and experimentally, this study will show the driving force behind this phenomenon in
Chapter 6.

3.4. General comparison of a-C:H and Cu-Zr based thin films

After a detailed discussion of each group, this section will discuss all characteristics of these two groups.
This section generally compares these coatings' different aspects, from the production methods to the
mechanical properties.

The first step to being able to name a coating as a desirable coating is the versatility of its production
methods. Regarding the deposition method, a-C:H coatings are generally produced by the PECVD
technique. However, Cu-Zr based TFMGs can be produced using a variety of methods, such as thermal

evaporation, magnetron sputtering, and plasma laser deposition [129].

It is necessary to correctly choose the precursor gas (Methane, Acetylene, Butadiene, Cyclopentane, or
Benzene) and control the gas flow during PECVD deposition to be able to get the desired properties
[130]. Coating uniformity is another thing to be considered since it can be challenging and should be
improved by tuning the deposition parameters such as deposition pressure, distance from the target, and
gas flow, as discussed in [131-133]. Lastly, initial gas contamination or poor purity affects the final
product of a-C:H coating [134,135]. However, besides these difficulties, low deposition temperature,
high deposition rate, and ability to manipulate the coating chemistry are just a few advantages of this
group [27]. Also, a-C:H coatings show better oxidation behavior than other metallic coatings during
and after deposition [136,137].

Regarding the Cu-Zr TFMGs, keeping the amorphous nature of the coating was always challenging.
They are prone to recrystallization and oxidation, and their composition should be controlled to be
within the limit of the GFA region; otherwise, the crystalline coating will result instead of amorphous.
Also, annealing, which is a well-known method to improve the mechanical properties of materials and

decrease the residual stress, can cause the devitrification of these coatings [100,138-140].

Although producing these coatings requires high control and attention, raw materials availability and

average price compared to other coatings materials (Pd, Ag, Ti, etc.) with very close properties being
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used in applications like anticorrosion and flexible coating makes them a promising option in the
industry [141-144].

In order to select the suitable coating for the desired application, a comparison of mechanical properties

is necessary since each coating will not present the same behavior in different test conditions. Thus, in
. . . . . . .o
this section, the comparison of different conventional coatings have been showed by plotting ~”/ B

against the fracture energy release rate (G;.) as an indicator of resistance to cracking and plastic

deformation.

The comparison of fracture behavior of different coatings in the thin film industry is inserted in Figure
3-19. It has been proved that coatings with higher G,;. are resistance to cracking initiation and
propagation, which can benefit barrier coatings on polymer substrates, thermal barrier coatings, and any
coatings exposed to high tensile stress to prevent crack opening [145,146]. Conversely, coatings with

higher % / B ratio can undergo huge elastic deformation before permanent plastic deformation, allowing

expansion and contraction in different applications [147].
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Figure 3-19. The materials property map presents the elastic limit against the critical energy release
rate. The results are obtained from the literature where a-C are shown with blue dot lines and Cu-Zr
based metallic glasses with red dot lines [114,127,148-162].

41

—
| —



Chapter 3 Amorphous coatings

According to the literature review, it is notable that a-C coatings will provide higher elastic limits than
Cu-Zr thin films, indicating their ability to withstand higher stress levels and deformation without
undergoing permanent plastic deformation, as was expected due to their polymeric nature. On the other
hand, Cu-Zr based TFMGs provide a larger fracture energy release rate (>100 J/m?) than a-C coatings
(10-40 J/m?), indicating their ability to resist crack propagation and absorb larger energy before failure
and durability [114,127,148-162].

Although a-C:H thin films show extraordinary properties in ambient conditions, however, they are
unsuitable coatings for high-temperature applications, and their hardness will decrease by increasing
the temperature. The reason is increased graphitization degree and loosest sp? bonds in the coating. This
will result in a decrease in the wear resistivity of a-C:H coatings [108,163]. However, Cu-Zr based thin
films improve hardness, wear resistance, and thermal stability over time. It is believed that oxidation in
this coating group causes the nucleation and dispersion of ZrO, oxides and crystals, increasing the
materials' hardness. It illustrates the benefits of using this group in industries requiring longer durability
under high working temperatures [70,164,165].

3.5. Summary

This chapter explored the fascinating field of amorphous materials and emphasized the key distinctions
between amorphous and crystalline solids. Additionally, it focused on the a-C and Cu-Zr TFMG

subgroups of amorphous thin films.

This chapter analyzed the mechanical and tribological performance of the abovementioned coatings
groups, illuminating their distinctive characteristics, microstructures, and the variables affecting their

performance.

It provided a comprehensive comparison of two groups based on the literature review and showed Cu-
Zr-based thin films may be used in applications that need more durability before cracking due to their
higher fracture energy release rate and elevated working temperature. On the other hand, a-C films can
be used in applications asking for more significant elastic deformation before permanent plastic

deformation but below hundreds of degrees centigrade
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4. Methodology

This chapter provides background knowledge and insights into the production methods and necessary

analysis methodologies needed to achieve our goal in this thesis.



Chapter 4 Methodology

The research leading to this thesis has focused on the deposition and analysis of a-C:H:Cr and Cu-Zr
thin films. Thus, structure, chemical bonding, mechanical properties, and other material properties have
been characterized for the deposited films. This has been done by several techniques, where the author
has deposited all of the samples and performed most of the analysis, e.g., X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), atomic force microscopy
(AFM), Raman spectroscopy, and the majority of mechanical properties while transmission electron
microscopy (TEM) and some of the mechanical properties including micro-scratch test and tensile

testing have been performed in collaboration with other researchers from UCLouvain and UAntwerpen.

4.1.  Thin film deposition
4.1.1. a-C:H:Cr thin film deposition

In this work, a-C:H:Cr films with 10 at% of Cr (added intentionally in order to decrease the film residual
stress and improve the wear resistance, adhesion, thermal stability, and fracture toughness), and around
30 at% of hydrogen content (presence due to using the C;H; as a precursor gas) were deposited on Si
(100) wafers and on 13 pum and 25 pum thick HN type Kapton substrates using PECVD magnetron
sputtering in DC pulsed mode. This process uses a glow discharge to break down the gas precursor
(such as methane or acetylene) into various (metastable) neutral species, including CHs, CH, and H, as
well as ions like CH®*, CH*, C*, and H*. Silicon substrates were ultrasonically cleaned in soap and de-
ionized water and dried with hot air prior to deposition. The polymer substrates were used as received
by the supplier. A base pressure of 10 Torr was created prior to deposition. Then, a 10 min Cr target
cleaning with 1.2 kW power was performed under a pure Ar atmosphere. Cr targets (7.5x35cm, purity
99.8 %, Nova fabrica) have been sputtered in argon and acetylene (C2H,) mixed atmosphere (150 sccm
Ar/160 sccm CyH) under different deposition conditions (5 mTorr, 20 mTorr sputtering pressure,
floating or -100V bias voltage). Mentioned parameters have been selected as optimum in this study
after examining several deposition parameters, including 2, 5, 10, 20 mTorr and 0V, -50V, -100V, -
150V, -200V bias voltage. The gas flow rate was controlled by FloTron multi-channel reactive gas
monitoring system. A bipolar pulsed power supply with a frequency of 1250Hz and a pulse duration of
300 ps on /100 s off was used (duty cycle of 75%). 3-fold sample rotation around the Z axis and 2 rpm
table rotation speed have been applied to generate homogeneous coating. The deposition was done at
room temperature. The film thickness was kept around 1 pum, i.e. sufficiently thick to perform relevant

mechanical tests. Figure 4-1 shows the schematic designs for the PECVD technique used in this project.
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Figure 4-1. Schematic of the deposition process for a-C:H:Cr film deposition with magnetron coater.

As shown in this figure, Ar (argon) and C;H; (acetylene) gases are introduced into the chamber through
the gas inlet valve controlled by the FloTron. The inset to the figure (bottom right) illustrates the
ionization of Ar atoms after colliding with the electrons, resulting in the creation of Ar* and secondary
electrons. Later, Ar* collides with the target material’s surface (chromium in this study) due to the
potential difference between the target and Ar*, ejecting Cr atoms (inset to figure in the bottom left-
hand side). These ejected Cr atoms then travel towards the substrate and deposit onto the substrate
surface, as shown inset to figure in the top left-hand side. Furthermore, the Ar* also plays a major role
in decomposing the CoH. precursor gas and giving rise to the a-C:H film growth. A detailed explanation
of the sputtering process is discussed in section 2.1.2.

4.1.2. Cu-Zr thin film deposition

The Cu-Zr films were deposited on Si (100) wafers using magnetron sputtering with pure metallic Zr
(99.999%) and pure Cu (99.95%) targets in DC mode. Silicon substrates were ultrasonically cleaned in
soap and de-ionized water and dried with hot air prior to deposition. A base pressure of 10 Torr was
created prior to deposition. Then, a 10 min target cleaning with 400-800 W power was performed under
a pure Ar atmosphere. Cu target (7.5x35cm, purity 99.95 %, Neyco) and Zr target (7.5x35cm, purity
99.4 %, Nova fabrica) have been sputtered in argon atmosphere (150 sccm Ar) under different
deposition conditions (5 mTorr, 20 mTorr sputtering pressure, floating or -100V bias voltage). Another
set of samples has been sputtered in Argon and Oxygen atmosphere (150 sccm Ar/3, 5, 7 sccm O»)
under 5 mTorr / -100 V bias condition. Mentioned parameters have been selected as optimum in this

study after examining several deposition parameters, including 2, 5, 10, 20 mTorr, 0V, -50V, -75V, -
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100V, -150V, -200V bias voltage, and 0, 3, 5, 7, 10 sccm O injection. Due to poor amorphization and
adhesion of other samples, only the above-mentioned samples have been selected. The gas flow rate
was controlled by FloTron multi-channel reactive gas monitoring system. 2-fold sample rotation around
the Z axis and 2 rpm table rotation speed have been applied to generate homogeneous coating. The

deposition was done at room temperature (Figure 4-2).
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Figure 4-2. Schematic of the (a) magnetron sputtering and (b) reactive magnetron sputtering process

for Cu-Zr film deposition.

As shown in this figure (Figure 4-2 a) Ar (argon) gas and (Figure 4-2 b) Ar (argon) along with O gas,

are introduced into the chamber through the gas inlet valve. The inset to the figure (bottom right)
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illustrates the ionization of Ar atoms after colliding with the electrons, resulting in the creation of Ar*
and secondary electrons. These Ar* collide with the target materials’ surface (Copper and Zirconium in
this study) due to the potential difference between the target and Ar*, ejecting Cu an Zr atoms (different
ratios regarding their sputtering yield). These ejected atoms then travel towards the substrate and deposit
onto the substrate surface, as shown inset to figure in the left hand side. Furthermore, the Ar* also plays
a role in decomposing the O gas, leading to the growth of the metal oxide film. A detailed explanation

of the sputtering process is discussed in section 2.1.2.

4.2.  Thin film microstructure investigation
42.1. X-Ray Diffraction (XRD)

In this study, PANalytical X'Pert PRO diffractometer is used in the 26-w configuration to remove the
background caused by the silicon substrate. The angle between the incident X-ray beam and the detector
forms an angle of 26 and the ® angle represents the angle at which the X-ray beam hits the sample.
Monochromatic Cu — k, Wavelength 2 = 0.15406 nm has been used as the X-ray source. The device
has been operated at 45 kV and 30 mA. Because of this configuration, the thickness probed is several

um of thickness, and the area measured is several mm?2.
4.2.2. X-Ray Photoelectron Spectroscopy (XPS)

In this work, depth profiling mode using a monochromatic X-ray source (Al Ka radiation 1486.6 eV,
spot size of 250x250 um), and an Ar* erosion gun, working at 2 keV (raster size of 1.25x1.25 mm,
incident angle of 30°), on ThermoFisher K-alpha spectrometer has been used. The chamber pressure
before the acquisition was below 1.5x10~° Torr. A flood gun has been used during analysis, preventing
eventual charging effects. Accumulated charge on the sample surface can cause binding energy shifts
and peak distortions, impacting data accuracy. Thus, data resolution will be improved by neutralizing
the accumulated positive charges by using a flood gun during the analysis. No further energy shift is
applied to the signal. Each level of elements is collected using snapshot mode (pass energy 147eV, 10
snaps), where the detector measures a set of energy channels determined by the pass energy of the
analyzer in parallel. The reason for utilizing this mode in our study is the advantages of this method
over serial acquisition (scan mode). The main advantages that can be mentioned are the enhanced
resolution and significantly faster data collection without sacrificing sensitivity (a 256 x 256 pixel
image may be acquired in seconds) [166—168]. To obtain the composition depth profile, the peak area
of each level is measured after subtracting the Shirley background (the background produced by
electrons that are inelastically dispersed), which enables precise peak intensity measurement and
guantitative analysis [169]. All XPS data are computed using Avantage v.5.9916 Build 06625 software.
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4.2.3. Scanning Electron Microscopy (SEM)

The coating thickness, surface morphology, and cross-sectional growth observation of deposited
samples on silicon and kapton substrates were determined based on ZEISS Ultra 55 Field Emission
Gun-Scanning Electron Microscope (FEG-SEM) with high efficiency in-lens detector. An electron high
tension (EHT) of 5 kV in in-lens and SE modes has been generated to capture clear and less
electrostatically distorted images of nanostructures.

4.2.4. Transmission Electron Microscopy (TEM)

The crystalline microstructure of the samples has been determined by TEM, including selected area
electron diffraction (SAED), high-resolution transmission electron microscopy (HRTEM), and energy
dispersive X-ray spectroscopy (EDXS), on Thermo Fisher Tecnai Osiris microscope operated at 200
kV. The microscope is equipped with an Extreme Field Emission Gun (XFEG) electron source and a
highly efficient Super-X system? to acquire high-resolution energy dispersive X-ray (EDX) maps at low
doses with a short exposure time. Prior to TEM imaging, a Thermo Fisher Helios Nanolab 650 dual-
beam SEM/FIB (focused ion beam) instrument was used to produce electron-transparent thin foils out
of the samples. The Platinum protection layer was locally deposited on the cut area in two electron
beam steps, followed by an ion beam, followed by an ion beam. This is being applied to protect the
sample contamination. The FIB foils were then thinned to a thickness lower than 50 nm with a 2 k\V//0.2

nA ion beam.

4.2.5. Raman Spectroscopy

Raman spectroscopy was performed in the backscattering configuration using a LabRam HR 800
confocal laser system with a laser wavelength A = 514 nm and a 2400 gr/mm grating. The spectral
resolution for this configuration is = 0.5 cm™. In order to avoid local heating and allow accurate

measurement, the laser power was set to 10% of the maximum (20 mW) working power.
4.2.6. Atomic Force Microscopy (AFM)

AFM measurements were performed in air, using the soft tapping mode of a Nanoscope 111 from Veeco
Instruments (Santa Barbara, CA, USA). Images were recorded in 4x4 pm?, and 2x2 pum? sizes with

512x512 lines per image and a scan rate of 1Hz. The average of 3 measurements for each sample has

L1t is intended to deliver superior performance in terms of spectrum purity, quantification, and compositional
mapping.
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systematically been used. The silicon cantilever (Nanosensors PPP-NCHR) with a resonance frequency
of 290 kHz and a typical spring constant of around 42 N/m has been used for analysis. The tip has a
nominal radius lower than 10 nm. The ratio between the set-point amplitude and the free amplitude of
the cantilever vibration was always kept above 0.8 to guarantee sufficient contact between sample
surface during scanning. The topographic analysis of AFM images regarding surface roughness was

carried out using the Gwyddion software version 2.59.

4.3.  Thin film mechanical properties

4.3.1. Nanoindentation and micro-scratch test

In this thesis, the hardness, Young’s modulus, and apparent activation volume have been determined
by nanoindentation using a G200 nanoindenter (KLA Tencor) equipped with a Dynamic contact module
(DCM) 1l head with 50 nN and 0.01 nm of force and vertical displacement resolution, respectively. A
diamond Berkovich tip has been used, and the tip area function has been calibrated using a fused silica
reference. The nanoindentation measurements were performed at room temperature, under the load-
control mode, with an exponential loading in order to produce a constant strain rate of P/P =0.05 s™.
The thermal drift rate has been limited to 0.05 nm s before each experiment to ensure a negligible
effect on the measured displacement. Sixteen indents were made within each sample for statistical
analysis and consistency inspection. The measurements were carried out using the continuous stiffness
measurement (CSM) technique providing continuous hardness and Young’s modulus with increasing
indentation depth. The hardness and modulus were calculated using the Oliver and Pharr model [170].
Also, Young’s modulus of the film was corrected from the substrate effect using the model proposed

by Hay and Crawford [171].

In order to extract the apparent activation volume, constant contact stiffness relaxation tests have been
performed with a holding duration of 30 min and a maximum penetration depth of 90 nm. As a result,
the activation volume V* extracted from nano-indentation can be stated as follows, according to Gu et
al. research [172]

V* = 3v3kT 2

Ing;
oH ' (4-1)

where ¢; stands for the indentation strain rate, k represents Boltzmann’s constant, and T is the testing
temperature. The corresponding experimental procedure and data processing are explained in more
detail in [173,174].

Micro-scratch experiments were performed using a G200 nanoindenter (KLA Tencor) with a XP head

equipped with a lateral force measurement. This setup allows the measurement of the coefficient of
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friction during scratch. The XP head has a maximum normal force of 500 mN. A sphero-conical
diamond tip with a radius of 5 um and 90 degrees cone equivalent angle was used to perform the tests.
Experiments involve applying a linear axial loading from 0 to 100 mN while sliding the indenter tip on
600 pum distance with a velocity of 30 um.s*. The sample surface along the scratch path was scanned
at low load (20 uN) with the indenter tip before and after the experiment to assess the surface roughness
and topology before and measure the residual profile afterward. For each sample, a set of 8 scratches
has been performed. SEM observed scratch grooves to characterize the failure mechanisms along the

wear track.
4.3.2. Fracture toughness and crack density

The fracture toughness of films has been characterized by deforming the films deposited on polymer
substrates under traction. Before film deposition, the polymer sheet was cut into tensile specimens using
a punch. The geometry of the specimens is shown in Figure 4-3. In-situ optical microscope and SEM
tensile tests were performed with a Gatan micro testing machine with a maximum force of 2 kN and

displacement rate of 0.1 mm/min. All experiments were performed at room temperature.

35
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Figure 4-3. Specimen geometry for tensile testing of a-C:H:Cr films on kapton.

The cracking behavior was characterized with two different techniques. An in-situ SEM imaging during
the traction was used to characterize the crack propagation and crack saturation density. An ex-situ
optical microscopy technique also has been employed to characterize the fracture toughness of the films.
In-situ SEM tests require interrupting the test for imaging, which leads to some spurious creep in the
polymer substrate. It has been shown in the literature that test interruption can lead to crack propagation
even when the mode | stress intensity factor (Ki) remains below the critical value (Kic) of the film [175].

Meanwhile, in-situ SEM tensile tests have been used to accurately determine the saturation crack
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density (ps.), i.e. the maximum crack density reached when pulling on the specimen. In-situ SEM tests
were initially stopped every 50 pm of crosshead displacement until 400 pum in order to take images at
various magnifications. After the first 400 um of displacement, the experiment was stopped every 100
pm of displacement until a total crosshead displacement of 1 mm. Two images per second were acquired
during in-situ optical microscope tensile test at a magnification of 200x with a resolution of 1272x952
pixels which ensures looking at the whole specimen gage length while seeing the cracks. These
parameters are well suited to observe crack propagation and calculate the critical fracture energy release

rate G;. from

2
o= @
where Z is a dimensionless parameter that depends on the elastic mismatch between the film and
substrate, oy is the fracture stress in the film, hy is the film thickness and E'f =Ef/(1— v?) isthe plane
strain Young’s modulus. The Z factor depends on the Dundurs parameter o as defined in [176] and on
the substrate/film thickness ratio [177]. The stress inside the film is obtained from Young’s modulus
and from the strain at which the first crack is propagating, assuming the film behaves as a linear elastic
material and using Young’s modulus extracted by nanoindentation. This will turn out to be a reasonable
hypothesis with respect to the level of strain that is reached when looking at the literature [178,179].
The fracture strain (ef) is measured by following the displacement of small asperities on the images
located close to the end of the gage region of the specimen. Note that the residual stress of a-C:H:Cr is
considered as equal to zero because the soft polymer substrate rapidly relaxes this stress, on the contrary

to the condition impressed by a Si substrate. Finally, equation (2) can be rewritten as
Gie = ZhsE s}, 3)

and the related stress intensity factor Kcas

Kic = |GicEy, 4)

Despite the possibility of extremely high fracture toughness, the relatively high yield strength causes a
reduction of the size of the fracture process zone, d, ahead of the crack tip [180]. The fracture process

zone size, d, is defined as

K
=, 5)

oy,
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where g, is the yield strength of the film.

In this chapter, the basics and comprehensive explanation of each technique, from materials
characterization that unveils the essence of our materials' composition and structure to the mechanical
properties that resonate with the soul of our research, have been discussed. An in-depth exploration of
our methodology can also be found in Chapter 9 (annex).
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Chapter 5.

5.  Tailoring mechanical properties of a-C:H:Cr coatings

This chapter contributes a novel approach to crafting tunable coatings based on the fracture toughness
and elastic limit that is vital for diverse technological applications with varying needs. This novel

approach replaces traditional trial-and-error methods with a rational material selection technique.
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Abstract

The development of coatings with tunable performances is critical to meet a wide range of technological
applications each one with different requirements. Using the plasma-enhanced chemical vapor
deposition (PECVD) process, scientists can create hydrogenated amorphous carbon coatings doped with
metal (a-C:H:Me) with a broad range of mechanical properties, varying from those resembling polymers
to ones resembling diamond. These diverse properties, without clear relations between the different
families, make the material selection and optimization difficult but also very rich. An innovative
approach is proposed here based on projected performance indices related to fracture energy, strength,
and stiffness in order to classify and optimize a-C:H:Me coatings. Four different a-C:H:Cr coatings
deposited by PECVD with Ar/C;H, discharge under different bias voltage and pressure were
investigated. A path is found to produce coatings with a selective critical energy release rate between 5
— 125 J/m2 without compromising yield strength (1.6-2.7 GPa) and elastic limit (=0.05). Finally, fine-
tuned coatings are categorized to meet desired applications under different testing conditions.

Keywords: Chromium-doped hydrogenated amorphous carbon, Magnetron sputtering, Tensile testing,

Fracture toughness, Hardness, Materials selection.

This chapter has been published as a scientific paper in the journal of Coatings:

Bagherpour A, Baral P, Colla MS, Orekhov A, Idrissi H, Haye E, Pardoen T, Lucas S. Tailoring
Mechanical Properties of a-C:H:Cr Coatings. Coatings. 2023 Dec 14;13(12):2084.
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5.1. Introduction

Amorphous carbon (a-C) films have been intensively studied over the last decades. In particular, the
family of a-C:H coatings deposited by vacuum technology has shown outstanding and tunable
mechanical [181,182], chemical [22,25], and biological protective properties such as high hardness, low
friction, and high wear resistance [96,183]. The ability to modify properties by varying the deposition
conditions makes them attractive candidates for tuning performances as a function of the applications
e.g. flexible a-C films for protection of flexible substrates, wear resistant a-C films for hard discs, read—
write heads, cutting tools, and ball bearings for space applications [96,184,185].

Among the other deposition methods, PECVD allows tuning the physical and chemical properties of
films by varying the deposition parameters, including the pressure and gas composition in the chamber.
Besides, the chemical structure is affected by the magnitude of the impinging energy of the ions. Hence,
PECVD is a good candidate for a-C:H film deposition with tunable properties, from polymer-like to
diamond-like behavior [186-188]. Among the different sources for a-C:H deposition by PECVD,
acetylene (CzH>) has received more attention. C;H, is often used for deposition thanks to the overall

high electron-molecule cross-section leading to high deposition rates [189-192].

When internal stress is an issue, several studies have shown that adding metal elements in the films
decreases the magnitude of the (tensile) internal stress and improves the wear resistance, adhesion,
thermal stability, and fracture toughness. The rise in sp? graphitization by doping metal elements, along
with partly hard carbide phase dispersion in amorphous carbon explains this phenomenon [193,194].
Among many metallic elements, chromium (Cr), in combination with carbon, presents attractive

mechanical properties (especially stable friction performance and toughness) in a-C coatings [194-196].

Nanoindentation provides high resolutions on both forces and displacements, being an effective method
for determining the mechanical response of materials [197] and extracting among others, the elastic
modulus, hardness, and activation volume of a coating lying on a substrate. The apparent activation
volume (V™), which quantifies the rate deformation process is used to determine the elementary volume
of material that experiences plastic deformation revealing the nature of the underlying deformation
mechanism [173,174].

Although a large fraction of the research is concentrated on hard materials, some polymeric materials

may offer outstanding wear resistance even with low hardness and Young’s modulus. The elastic strain

limit (ay/E,) must be considered in addition to the resistance to plastic deformation. The ratio of

3
(Jy / E’Z) is a good indicator of wear resistance associated with plastic mechanisms [198]. Both high
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3
0. 0. . . . .
Y/ B and Y / g2 are needed to ensure high wear resistance, which fracture must be associated to

G;. under low to medium contact pressure [194].

This research aims at understanding further how the deposition parameters affect the mechanical
characteristics (both effective and intrinsic) of thin a-C:H:Cr films with thickness in the 1 um range in
order to build a rational coating selection strategy to further optimize the systems. To this end, we
capitalized on the previous work by our group [183,199-201] to demonstrate how a-C:H:Cr films can
be produced with tailored mechanical properties, specifically strength and fracture toughness by varying
only the deposition conditions in C,H, magnetron-assisted discharge. Because of the ionic nature of the
condensing species in such a setup, one can easily understand that substrate biasing is one of the
methods to produce films with different properties, as well as traditional pressure variation. Four films
have been selected as representative candidates for this study and characterized by a panoply of
techniques including X-ray Photoelectron Spectroscopy (XPS) to extract the coating’s chemical
composition; Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) to observe
the structural and morphological properties of the films; Transmission Electron Microscopy (TEM) and
X-ray diffractometer (XRD) to investigate the amorphous microstructure of the coating; Raman
Spectroscopy to track structural variation; nanoindentation to determine the hardness, Young’s
modulus, and activation volume; micro-scratch test to extract wear resistance, critical load, as well as
tensile tests on a supporting polymer membrane to determine the fracture toughness of the coating.
Comparison and deeper discussion are made through analyzing materials property map presenting the
ratio of yield strength over Young’s modulus against critical fracture energy release rate for several
materials. The performances are shown to position extremely well compared to other available coatings
for various applications asking for high yielding strength, high critical load under scratching conditions,

and elastic limit, with a wide range of critical energy release rate.

5.2. Results

5.2.1. Structure, composition and surface morphology

The microstructure of the a-C:H:Cr films under different deposition conditions (5 mTorr, 20 mTorr
sputtering pressure, floating or -100V bias voltage) have been studied by XRD and TEM analysis. X-
ray diffractograms of the films detected no crystallinity in the coatings showing a fully amorphous
nature of the films. The high-resolution micrograph and SAED pattern from TEM also confirm the

amorphous character of the deposited films (see Figure 5-1).
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Figure 5-1. XRD pattern of the as-deposited amorphous films with different deposition conditions.

The inset shows the high resolution TEM micrograph and a diffraction pattern typical of amorphous

film.

Figure 5-2 displays the Raman spectra of the films. Each Raman spectrum was fitted into two Gaussian

peaks. When applying a bias voltage, a small shift to the lower wave number is observed in the positions

of the G peak (= 12 cm™and = 6 cm™ for 5 mTorr and 20 mTorr, respectively). A decrease in the ratio
of the D-band intensity to that of the G-band (Io/lg) and the G-band position are both indicators of lower

hydrogen content and a rising sp® content, respective
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Figure 5-2. (a) Raman spectra of the a-C:H:Cr films. (b) Variation of the I/l intensity ratio and the

G peak positions under different deposition conditions.

The chemical composition of the films as a function of depth has been obtained by XPS analysis and

ERD analysis. A comparison of the chemical composition of the films as a function of the applied bias

voltage and deposition pressure is illustrated in

Figure 5-3. The C content slightly increases, whereas

the oxygen (O) content decreases with increasing applied bias voltage at constant amount of Cr for both

groups. The presence of higher oxygen content through the film is associated with the low deposition

power and bombarding of the substrate with lower energy than usual in order to prevent overheating of

—
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the Kapton substrate as well as the recrystallization of the a-C:H:Cr films. The decrease in O content
with increasing bias voltage is known as a preferential sputtering effect, which removes adsorbed
oxygen during film growth. When the bias voltage increases, the sputtering and etching energy of ions
or atoms increase, and atoms’ movement to the growing surface is enhanced. Due to the high deposition
energy, C and Cr atoms are strongly bonded to the surface. Thus, weakly bonded O adatoms would be
more easily re-sputtered by incident high-energy ions in the growth process of the films. This leads to
dismissed O being replaced by C atoms [205].
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Figure 5-3. Chemical composition obtained by XPS depth profiling as a function of the film thickness
for a) 5 mTorr / floating and b) 5 mTorr / -100V, c¢) 20 mTorr / floating, and d) 20 mTorr / -100V

conditions.

The AFM micrographs of the films over the 2x2 um? area of selected regions are given in Figure 5-4.
The roughness significantly depends on the applied bias voltage and working pressure [206]. A clear
distinction can be made based on the bias voltage: the films obtained without bias exhibit a larger root
mean square (RMS) roughness besides exhibiting columns wider than the one produced with -100 V
bias. Also, the working pressure seems to affect the roughness when no bias is applied: increasing the

working pressure leads to a smoother surface. Hence, the application of a bias during deposition has a
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prominent effect on surface morphology. Table 5-1 presents the column diameter and surface roughness
measured by AFM.

Figure 5-4. AFM images of a-C:H:Cr films a) 5 mTorr / floating, b) 5 mTorr / -100V, ¢) 20 mTorr /
floating, and d) 20 mTorr / -100V.

Table 5-1. a-C:H:Cr films mean column diameter and surface RMS roughness measured by AFM.

Column diameter

sample (nm) Surface RMS roughness (nm)
5 mTorr / floating 315+26 7.8x0.16
5mTorr /-100V 24.7+0.7 6.2 £0.01
20 mTorr / floating 31.7+1.6 6.7+0.81
20 mTorr / -100V 29.1+1.6 6.2+0.14
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The SEM top view and cross-section micrographs (Figure 5-5) reveal additional microstructure
characterization, which varies with pressure and bias voltage. Cross sectional views indicate the

presence of a morphological texture with columnar ‘growth’ parallel to the growth direction as was

expected according to the Thornton diagram as we work in Zone 1 with low ;—S < 0.1 or 0.2. AFM top

m

view observation and SEM cross sectional view are in qualitative agreement in case of columnar growth
of a-C:H:Cr films.

200nm  sypstrate

Figure 5-5. SEM micrographs on top views and cross-sections of a-C:H:Cr films: a) 5 mTorr /
floating, b) 5 mTorr / -100V, c) 20 mTorr / floating and d) 20 mTorr / -100V.

5.2.2. Mechanical and tribological properties
5.2.2.1. Nano-indentation

The hardness (H) and Young’s modulus (E’) are provided in Table 5-2. Films deposited without applied
bias voltage are softer with a hardness of 3.52+0.44 GPa and 3.06+0.37 GPa for 5 mTorr / floating and
20 mTorr / floating, respectively. With an increasing bias voltage, the hardness gradually increases to
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reach the highest value (4.95+0.69 GPa) for the 20 mTorr /-100 V sample. Since during deposition, the
temperature did not exceed the room temperature (30 °C), no relaxation takes place in the films [207].
For instance, residual compressive stress on the order of 700-800 MPa has been determined using the
Stoney method for the 5 mTorr / -100V sample deposited on the Si wafer [10]. The compressive stress
experienced in many a-C:H:Cr films tend to close the cracks during indentation preventing crack
initiation and propagation while simultaneously showing the smallest indentation imprint. All films

illustrate the same trend in Young’s modulus.

3
.. 0. 0. . . . .
The performance indices >/ E and ¥ / B2 extracted from nanoindentation analysis are shown in

Figure 5-6 and Table 5-2 as indicating the resistance of wear behavior and plastic deformation of
coatings. The yield strength is estimated from the hardness (H) as

_ $stan(B)H
Oy = H
$rtan(B) — (1 &) g

: (6)

where &;,&,, &5, and B values for a Berkovich tip are equal to 0.66, 0.216, 0.24, and 19.7, respectively
[208].
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Figure 5-6. Comparison of the performance indices: 03’/ cand 7 .o for the four conditions
E E
investigated in this study. The error bars represent the standard deviation calculated over 16

experiments.

The apparent activation volume IV *can be related to the physical activation volume 2 as V* = Qy where

y is the transformation strain associated with the local atomistic shuffling mechanism [209], which is
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the deformation mechanism expected for this class of amorphous solid. The value of y for amorphous
systems ranges from 0.05 to 0.15, see Argon [210]. We assume a transformation strain y = 0.1 to obtain
a rough estimate of the elementary volume in which the permanent elementary plastic deformation
mechanism takes place. Figure 5-7 shows the variation of physical activation volume and the number
of atomic sites involved in this volume as a function of the deposition parameters. The physical
activation volumes obtained from relaxation tests also illustrate the same trend as for the

nanoindentation results. Lower physical activation volume corresponds to films with larger hardness.
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Figure 5-7. Effect of the deposition parameters on the physical activation volume and associated

number of atomic sites of a-C:H:Cr thin film.

The lowest physical activation volume is found for the 20 mTorr / -100 V thin film as equal to 2 =
0.85 + 0.11 nm3. When no bias is applied, the working pressure does not significantly affect the

physical activation volume which is around 1.5 + 0.23 nm?,
5.2.2.2. Wear behavior

The wear behavior of the films has been directly evaluated by measuring the critical load at the onset
of cracking (L.) as shown in Figure 5-8.a. L. is defined as the load at which the coating fails under
scratching conditions. Elastic recovery is also displayed as a function of sliding distance in Figure 5-8.b.
Total elastic recovery corresponds to 1 and fully plastic deformation corresponds to 0. 5 mTorr / -100
V condition remains nearly fully elastic until it fails. The variation of L. for each material is displayed
in Figure 5-8.c. The bias voltage plays a major role in the enhancement of the coating resistance to
wear. Also, the deposition working pressure seems to be significant, with the 5 mTorr / -100 V sample

being clearly more resistant to the onset of wear compared to the 20 mTorr / -100V one. The coefficient
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of friction is also an important index of the performance of an industrial coating (see Figure 5-8.d). It

must remain low even under high load.
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Figure 5-8. Results from the nanoscratch tests: (a) typical scratch profile with the displacement during

loading as a black plain line and the profile of the wear track after loading in a dashed black line. The

black arrow indicates the location of the critical load; (b) variation of the elastic recovery as a function
of the sliding distance; (c) average critical load measured for each coating, error bars indicate the
standard deviation; (d) variation of the coefficient of friction as a function of the sliding distance.

The critical load for the onset of chipping increases by applying a bias voltage, see Figure 5-8 and Table
5-2. Whatever the working pressure, applying a bias voltage leads to an increase in the wear resistance
of the a-C:H:Cr films. Figure 5-9 displays typical wear tracks produced by micro-scratching. Several
features distinguish the materials failure modes: (i) the first chip forms at a critical load noted L.
propagates both forward and backward; (ii) the chip formation mechanism varies from random to
reproducible chip sizes and shapes; (iii) a step-like pattern is evidenced along the crack surface. For 20
mTorr films, the first chip propagates at a significantly lower critical load compared to 5 mTorr
coatings. This would imply that delamination at the interface between Si wafer and a-C:H:Cr film
begins earlier — at a lower load — for the 20 mTorr samples. The shape and the size of the chips depend

on the bias voltage applied during deposition. Indeed, without bias, the chips are relatively diverse while
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for biased samples (-100 V), the chips are very reproducible. Also, for biased samples, chips are smaller
and crack propagation is limited [211]. Finally, the fracture surface of the chip presents a step-like
pattern as highlighted in Figure 5-9.f. A qualitative counting of these features gives 20 occurrences.
This is in line with the number of rotations performed during deposition (~23) where the samples being
either close to the acetylene plasma or away. By getting far from the target, the risk of oxidation
increases due to the absence of energetic ions bombarding the surface along the outermost surface of

the film, which produces a weaker interface for the next layers.

Figure 5-9. Typical wear track after nano-scratch testing of (a) 5 mTorr / floating, (b) 5 mTorr / -100
V, (¢) 20 mTorr / floating, (d) 20 mTorr / -100 V. The white arrows indicate the location of the critical
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load. The blue box highlights in (e) the formation of a chip just after the critical load ona 5 mTorr / -
100 V sample. The red box displays in (f) the crack features of the chip. The dashed white lines
highlight the step-like pattern produced during the formation of the chip.

Table 5-2. Nano-indentation and micro-scratch related results: hardness, Young’s modulus, resistance

to plastic deformation, wear resistance, and critical load values for different deposition conditions.

3

1 ay -3
H E o i oz *10 L,
Ff * 1072
(GPa) (GPa) (GPa) (mN)
5 mTorr / floating 35+04 36.2+2.8 5.21 +0.57 5.12 + 0.56 50+1.3
5 mTorr / -100V 47+0.8 451 +4.3 5.80 +0.81 8.80+0.12 63.7+2.0

20 mTorr / floating 3.1+04 323+1.9 5.15+0.51 4.40+0.43 48.4 +10.7
20 mTorr / -100V 49+0.7 48.7+£3.9 5.60 + 0.65 8.37 +0.99 57.7+1.2

5.2.2.3. Uniaxial tensile tests
5.2.2.3.1. In-situ SEM tensile tests

In order to determine the saturation crack density (p,.), 200x magnification SEM micrographs have
been selected — i.e. with a typical 580 um linear field of view to ensure statistically relevant
measurements. Figure 5-10.(a-d) shows crack patterns at Imm of crosshead displacement (at 1000x
magnification in order to distinguish the cracks clearly) when saturation is reached (in detailed
information is available in annex chapter). An elastic deformation is observed up to ~1.5% strain
followed by a crack initiation. Increasing the bias voltage and decreasing the pressure leads to lower
crack density and earlier saturation of the cracking process, see Table 5-3. Figure 5-10.e shows a typical
crack at very high magnification in a 20 mTorr / -100 V thin film. The cracks systematically propagate

along the cluster boundary.
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(a) 5mTorr/ floating (c) 20mTorr / floating

(b) 5mTorr/-100V (d) 20mTorr/ -100V

Figure 5-10. (a-d) Evolution of crack density with in-situ strain for different samples (e) typical high
magnification SEM top-view observation of a crack.

The fracture toughness of the films has been determined using equation (4) with a Z factor equal to
15.6, as computed by [177] for a ratio H/h around 30 and a a-Dundurs parameter equal to 0.9. The

plane strain Young’s modulus is obtained from nanoindentation experiments. The strain has been
determined from in-situ optical microscopy tensile tests by taking the strain at which the first cracks
start to propagate. K;. values of the different film conditions are presented in Table 5-3 as well as the
corresponding G,.. Increasing the working pressure leads to higher fracture toughness, as well as
applying a bias voltage. Also, the application of a bias voltage decreases the crack density at saturation

G, values above 100 J/m? which is an excellent resistance to cracking for a 1um thick film [8].
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Table 5-3. Traction related results: Fracture strain and stress, Saturation crack density at 1mm of
crosshead displacement, critical fracture energy release rate, fracture toughness, and fracture plastic

zone size values for different deposition conditions.

Fracture Fracture
strain stress Psc Gre Kic d
-1 2 1/2
(%) (MPa) (Um™) (J/m?) (MPa.m'#) (nm)
. 0.128 +
5 mTorr / floating 0.3 108.6 0.004 494+0.04 0.42+0.08 15.7+0.82
0.049 + 100.8 +
5 mTorr / -100V 0.83 374.33 0.001 474 +0.83 1.46 +£0.05 108
. 0.173 + 488.6 +
+ +
20 mTorr / floating 15 4845 0.002 125+5.63 2.01+0.18 5 68
2425 +
20 mTorr / -100V 1.3 633.1 0.1+0.003 115+295 2.37+0.12 155

5.3. Discussion

5.3.1. Effect of process parameters on hardness, Young’s modulus, and activation volume

The magnitude of the hardness and Young’s modulus are in good agreement with similar a-C:H coatings
from the literature. For instance, Wei et al. [96] measured hardness between 3 - 6 GPa, Kassavetis et
al.[212] between 2 - 6 GPa, Vanden Brande et al.[213] around 4 GPa, and De vriendt et al.[214] around
7 GPa. Also, in these studies, the Young’s modulus varies between 22.7-49.2 GPa, 20-45 GPa, 25-30
GPa, and 70 GPa, respectively.

By increasing the deposition pressure, ions are more likely to react with acetylene or to recombine with
low energy electrons. This leads to a reduction of the calculated ion mean free path from ~22 mm to =5
mm and a rise in the number of collisions from 1.8e* collision/s at 5 mTorr up to 7.2e* collision/s at 20
mTorr. By knowing the target to substrate distance (=150 mm) one can assume that number of collisions
will increase from 1.2e° to 2.1€° collision/s from 5 mTorr to 20 mTorr, so it will decrease the energy
of incident ions much more by increasing the deposition pressure. These reactions and recombination
reduce the amount of energetic CoH," and Ar* reaching the substrate. As a result of the sub-plantation
process being reduced, energetic ion penetration into the growing film will be prevented, which will
lead to less sp® bonding, which is a crucial characteristic of hard films [199,200,215]. Consequently,
film growth results from the condensation of low energetic species. In this case, growth will mostly
cause by the condensation of CjHz molecules which leads to a decrease in the hardness value
[199,200,215]. Amorphous carbon films deposited from C.H, base without applied bias voltage are
known to contain a higher density of C-H bonds which involve much smaller displacement energy than

C-C bonds as present in a-C:H coatings [186,200], and films will contain a high amount of free volumes
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in their structure. When the bias voltage is applied, an increase in the energy of the ions impinging the
substrate causes electron and carbon atoms to yield to compensate for free volume deficiency. This has
been confirmed by the Raman spectroscopy results presented in Figure 5-2.b and hardness values where
the 1o/l decreases with increasing sp® content at lower pressure and biased films. Although analyzing
the 1o/l for a-C:H:Cr does not precisely reflect the hardness variation since the specimens are made up
of two different elements rather than only carbon, the results may typically be used to identify patterns

based on carbon structure. The increase in the film hardness is associated with the decline in Ip/1[193].

There is also a link between the applied bias voltage and the physical activation volume. Lower
activation volumes are found when a bias voltage is applied during deposition, this would be another
evidence of higher packing density [216]. Furthermore, assuming that the interatomic spacing of the
surrounding C atoms is similar to the one of graphite, i.e. 3.4 A [217,218], and that these sites present
a spherical shape, we can estimate the volume of each site to be ~0.16 nm?®. These characteristics relate
to crystalline C and do not represent the free volume of the amorphous structure of a-C:H:Cr.
Nonetheless, the physical activation volume obtained from the nanoindentation test corresponds to 5 to
9 crystalline C atom sites. This suggests that the elementary volume where plastic deformation events
occur is very localized and includes the motion of a few C atoms only. The lower the physical activation
volume, the less the atoms will be involved in the viscoplastic deformation mechanisms which is
favorable in terms of the mechanical stability of the coatings owing to higher strain rate sensitivity.
Since the physical activation volume has the lowest value for biased samples, a stronger atomic
arrangement of carbon clusters is expected as can also be seen from the elastic properties. The present

results confirm that the effect of the bias voltage is predominant over the effect of deposition pressure.
5.3.2. Effect of process parameters on wear resistance

The critical load L at which scratch damages start appearing on the coating is used to qualify the wear
resistance with a similar tip. Besides the coating/substrate adhesion, the detachment of the fragments is

also related to the cohesive (within the coating) fraction. The critical load has been shown to be
proportional to the ratio Gy/E, quantifying the ability to deform elastically [219], which is in good

agreement with what is observed here when applying a bias voltage (see Table 5-2). Again, applying a
bias voltage results in enhanced scratch resistance. This is a known result, but this scenario is also in
good agreement with the activation volume values. Note that even though the activation volume for 20
mTorr / -100V is lower than 5 mTorr / -100 V, the critical load of the film deposited under 5 mTorr / -
100 V is a bit higher. This can be explained by the weak interface adhesion between the Si substrate

and the 20 mTorr sample as compared to the adhesion of the 5 mTorr film. The key information
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3
. . . . 0. 0. .
extracted here is that a lower activation volume and higher y/E’ and y/E’Z leads to a longer elastic

track on the coating, delays the plastic deformation and increases the critical load to the onset of crack.

Table 5-4 compares our results with other studies using the same deposition technique in the literature.
Results are in good agreement with coatings made of comparable a-C:H:Me materials found in the
literature. The choice of the target has an importance. Additionally, our results based on a metallic target
and C,H; precursor gas show a higher critical load than one obtained for films deposited from sputtering
a graphite target.

Table 5-4. a-C:H:Cr films deposited by PECVD method with CH4 and CzH; precursor gases or

graphite target and nano-indentation results in comparison with recent work.

Sample Precursor gas/source H / E L. (mN)
Ref [23] CH, 0.124-0.134 33-64
Ref [220] CH. 0.11-0.16 43-120
Ref [221] CH, - 18.2-23.5
Ref [222] CaH: 0.041-0.086 36-75
Ref [223] CzH2 0.081 68
Ref [224] CzH2 0.067 2.13
Ref [225] Graphite 0.14 6
Ref [226] Graphite ~0.083 1.9-5
Ref [227] Graphite ~0.081 40
Our study CaH 0.09-0.1 48-64

5.3.3. Effect of process parameters on fracture behavior

The SEM micrograph of Figure 5-10.e, shows that the preferential crack path follows the boundary of
columns. This highlights weaker inter-column boundaries. This is comparable to nano-glasses with
weaker grain boundaries in comparison with the glassy matrix because of the higher free volume density
contained in the boundaries [65,228,229]. However, the cluster interface strength also depends on the
applied biased voltage. A decrease in columns’ size is found in samples with bias voltage, thus for the
smaller clusters — i.e. higher ratio of the interface to cluster — the crack resistance is the highest. If the
interface strength is constant, a lower number of interfaces will lead to an enhanced crack resistance,
whatever the applied bias. Indeed, increasing the bias voltage leads to an increase in the adatom energy.
Thus, atoms will attach more firmly to the substrate and already present clusters. It is therefore
confirmed that the cluster interface is stronger when a bias is applied, providing enhanced crack

resistance [230].
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Finally, the % /E' a performance indicator is plotted against the fracture energy (G,.) to compare the

four different a-C:H:Cr coatings to an extensive list of thin film materials gathered from the literature
[114,127,148-162] in Figure 5-11. As an indicator of cracking resistance, the a-C:H:Cr coatings present
the largest yield strength over Young’s modulus ratio with tunable G,. in range of 5 - 125 J/m?,

Higher G,. and K;. values for 20 mTorr samples can be directly related to their larger fracture strain
and plastic process zone size which is more than 2 times larger than in 5 mTorr films. Thus, by
increasing the plastic process zone size, due to enhanced crack tip plasticity, the crack tip will be more
blunted, and more energy will be needed to grow damage in the fracture process zone before material

separation [231].
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Figure 5-11. Materials property map presenting the ratio yield strength over Young’s modulus against
critical energy release rate. The results are obtained from the literature and compared to the four a-
C:H:Cr thin films produced in this study [114,127,148-162].

Accordingly, a-C:H:Cr coatings maintain a hardness that is substantially higher than that of elastomers

while withstanding significant elastic deformation without showing signs of plasticity or failure. Also,
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the deposition conditions influence the film toughness, and a relatively high critical energy release rate
can be reached. This is of particular interest for applications where no residual scratches or imprints
must remain after the contact. Protecting magnetic storage media from wear and corrosion due to their
superior scratch resistance, bearings, gears, seals, engine components, oil media, and operation under
ultra-high vacuum conditions are just a few of these applications [109-111]. Thus, according to the
discussed properties, coatings with lower deposition pressure are attractive in applications where better
adhesion and higher scratch resistance are needed. On the other hand, coatings with higher deposition
pressure are beneficial for applications under extreme tension since they will exhibit larger fracture

strain and fracture toughness.
5.4.  Conclusions

The coating community often works to improve coating performances with different techniques using
a trial-and-error approach. To the best of our knowledge, no rational material selection technigque has
been used yet to guide the optimization of a-C:H:Cr films based on targeted performance indices. In
this work, we report a first effort in this direction to select the PECVD conditions in view of expected

performances.

To this end, we evaluated the mechanical properties of four selected films deposited under different
conditions (5 mTorr, 20 mTorr sputtering pressure, floating or -100V bias voltage). Application of bias
voltage was found dominant in terms of increasing the resistance to plastic deformation and wear
resistance. Higher deposition pressure (20 mTorr) showed excellent resistance to cracking under

tension, whatever the bias voltage.

The coating demonstrated a higher elastic limit (approximately 5%) compared to a similar class of
coatings in the industry. Additionally, it exhibited tunable fracture energy, which can be categorized
into three distinct regimes: low (<10 J/m?), mid (10-100 J/m?), and high (>100 J/m?) levels.

Finally, this study proves that instead of focusing on specific parameters, it will be more beneficial to
mix and match the mechanical properties in order to meet different lists of requirements associated with

different types of applications.
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6. Vein pattern vs. columnar fracture shape in Cu-Zr thin film

metallic glasses: Driving force and mechanism

This chapter sheds light on the main driving force and mechanism of different fracture shapes in

amorphous thin films.



Chapter6.......... Vein pattern vs. columnar fracture shape in Cu-Zr thin film metallic glasses: Driving force and mechanism

Abstract

Numerous studies have been published in the past showing the presence of vein-like or columnar
fracture shapes in thin film metallic glasses (TFMGs), while the reason behind the different features
remains poorly understood. This study uncovers the reason behind this phenomenon in Cu-Zr TFMGs’
by considering experimental evidence and analysis. Oxidation during deposition is the reason for the
presence of the columnar feature after the cleavage, as shear banding cannot raise the temperature
enough for the regional melting process to end up in the vein pattern. In several studies, unnoticed or
unreported oxygen is proposed to be the reason for reporting metallic glasses' columnar cross-sections.

Keywords: Cu-Zr metallic glass, vein pattern, shear band.

This chapter has been published as a scientific paper in the journal of Materialia:

Bagherpour A, Haye E, Moskovkin P, Lucas S. Vein pattern vs. columnar fracture shape in Cu-Zr thin

film metallic glasses: Driving force and mechanism. Materialia. 2023 Dec 1;32:101914.
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6.1. Main Text

Shear bands, localized regions of intense shearing strain, are common in various materials but are
particularly prominent in metallic glasses due to their work-softening behavior below the glass
transition temperature (T g) [232,233]. The occurrence of shear bands limits the structural potential of
metallic glasses as they lead to plastic instability and catastrophic failure under tension [234-236].
During shear banding, the stored elastic energy converts into kinetic energy within the bands, resulting
in a temperature rise. The fracture of metallic glasses (MGs) exhibits distinct features such as spark
formation, liquid droplets, and river-like patterns, indicating a significant temperature increase
(thousands of degrees) during fracture [237—240]. Among the MGs, Cu-Zr based TFMGs caught much
interest, especially due to their high Glass Forming Ability (GFA), ease of production, superior

mechanical properties, high biocompatibility, and low manufacturing cost [241-243].

When metallic coatings are deposited by Physical Vapor Deposition (PVD), they usually exhibit
columnar cross-section on cleaved silicon substrates when observed by Scanning Electron Microscopy
(SEM). Nevertheless, in the cases of cross-sectional observation of Cu-Zr TFMGs, possible vein
patterns together with columnar features are observed and are not well understood (see Figure 6-1).

Force Fracture surface

| Force
Si substrate—> i A L

Cu-Zr fim—>

Cu-Zr films’ cross-section

.y & w‘ ;
-’ - - .
e I s - 1 < g ennam— = T - v
Vein-like Columnar
cross-section cross-section j

Figure 6-1. Schematic representation of the crack propagation configuration for Cu-Zr TFMGs

deposited on the Si wafer with two different patterns observed by SEM. The loading configuration

resembles a three-point bending test.

According to our knowledge, no dedicated studies have been taken to understand the cause or the initial
driving force for the appearance of the venous and columnar patterns after the film fracture in the same
sample. Therefore, we hypothesize that vein patterns form during the breaking of the pure metallic glass
sample, regardless of the initial growth shape. Using DC-magnetron sputtering in a semi-industrial
chamber (D&M Vacuum system), films were deposited on silicon (100) wafers with a base pressure of

10 Torr prior to the deposition. PVD machine was equipped with a pure metallic Cu target (7.5x35cm,
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purity 99.95 %, Neyco) and Zr target (7.5x35cm, purity 99.4 %, Nova fabrica). Cu-Zr films have been
sputtered (after 10 min of target cleaning with 400-800 W power) under different deposition conditions
(150 sccm Ar, 5 mTorr, 20 mTorr sputtering pressure, floating or -100V bias voltage). Another set of
samples has been sputtered in Ar and oxygen atmosphere (150 sccm Ar/ 3,5, 7 sccm O) under 5 mTorr
/-100 V bias condition to simulate the pure metal oxidation condition. The gas flow rate was controlled
by FloTron multi-channel reactive gas monitoring system. To ensure uniform coating, 2-fold sample
rotation around the Z axis and 2 rpm table rotation speed were employed. Fracture analysis was
performed by cracking Si wafers using cleaving pliers from a shallow notch induced by a diamond tip

on the back face. The crack finally propagated into the Cu-Zr film.

Figure 6-2 shows the SEM (ZEISS Ultra 55) cross-section of two independent samples deposited in
different conditions (a&c; 5 mTorr, Cupower = 400W, Zrpower = 600W and b&d; 5 mTorr, Cupower = 210-
470W, Zrpower = 1000W). More detail about characterization (especially XPS depth profiling) is given
in the supporting information.

Very interestingly, venous and columnar fracture shapes were observed for these two samples in the
cross-section imaging even though deposition conditions were different, and these observations could

be reproduced numerous times.

Figure 6-2. (a,b) cross-sectional SEM micrograph of the columnar and vein-like patterns

simultaneously in two samples deposited in different conditions with the (c,d) same initial columnar

growth evident on the top-view.
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The vein patterns run from the top to a given depth of the samples through the whole thickness after the
fracture. Also, top-view observation reveals typical metallic film growth with columnar morphology.
The cross-section morphology of the films also reveals cases for which columnar growth is observed at
the vicinity of the sample surface, for later being in a vein pattern morphology across the remaining
film thickness. No process interruption takes place during the deposition, and this vein/column mixture
exhibits well-separated and identified interfaces that seem to result from a rapid, instantaneous
phenomenon that cannot be related to the deposition process. Indeed, the approximate value of the
released elastic energy during the cleavage was calculated as 1.18 x 102° eV.cm™3 using the equation
(1) [244]

O.2
AU =" /op, (1)

Where AU, is the released elastic energy per unit volume, o, the yield strength, and E is the Youngs’
modulus of the film. with o, and E for the 5 mTorr/-100V sample equal to 2.04 + 0.09 GPa and 110 +
4.7 GPa, respectively. It is noteworthy that calculations have also been done for the rest of the samples,
and the released elastic energy values are in the same range between 1.18 x 1029 to 1.3 X

102 eV.cm™3.

We can compare this value to the amount of energy deposited by condensing atoms. Each deposited
atom has an energy of ~ 10 eV [245-247]. Due to the thermal conductivity [248], the energy is quickly
spread to a volume determined by the film's thermal diffusivity. One can estimate the volume where the

energy is spread as follows

| =V6kt, (2)
V="4m. 3)
_ 10 eV

Then, the energy deposited by condensing atoms is U, where [ is the diffusivity length, k =

==
%/C is thermal diffusivity, » is thermal conductivity, C, is volumetric heat capacity (~3]/
14

K.cm3 here), and t is characteristic time (10t,prations With tyipration = 10712s). U, calculated

between 1015 — 1019 eV. cm™3 depending on the thermal conductivity of the film.

This is evidence of the inability to reach the same temperature as cleaving to create a vein pattern by
melting the underlayers during deposition. Also, it is worth mentioning that energy brought by
depositing atoms is deposited only in the first top layer of the film, and thus, it cannot modify the

columnar structure of the film in depth under the surface.
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Breaking samples initiates cracks and crack propagation due to stress concentration and the release of
stored elastic energy in the sample. Since shear bands are highly localized regions of intense
deformation, massive energy dissipation of shear propagation can lead to a temperature increase,
causing a viscosity drop and shear softening phenomenon due to internal friction and deformation
processes within the material, as approved in previous studies. Since this process is so fast and happens
in a few hundred nanoseconds, the temperature rises above Tg, leading to regional softening, melting,

and fast solidification due to the thermal gradient of the sample and environment [237,249,250].

However, the melting/solidification process only occurs if the local material has a melting point below
the temperature reached during the breaking and shear propagation process. It is known that the melting
point is first influenced by the composition [251] and the oxygen content [252] but also in a complicated
manner by residual stress [253]. For example, pure copper and zirconium have melting points of 1084°¢
and 1855°C, respectively, while their oxides have a much higher melting point [254]. Therefore, both
patterns can be observed if the oxygen composition evolves through coating thickness.

Consequently, with our hypothesis, the high-temperature melting region, like the one containing
oxygen, should not undergo a morphology change during sample cleavage, while the one with low

melting temperature, i.e., almost pure metallic, should.

Figure 6-3, with the XPS analysis (ThermoFisher K-alpha spectrometer), shows a gradient of oxygen
at the beginning of the deposition in the cross-section, going from 40 at% down to zero, which fits the
evolution of the morphology perfectly. The corresponding explanation of depth profiling is explained
in more detail in [255,256]. The region where oxygen is incorporated during the film growth does not

undergo a transformation from a columnar to a vein-like morphology.
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Figure 6-3. a) SEM micrograph of columnar / vein pattern, and b) XPS graph integrated with SEM

cross-section as proof of oxygen influence on fracture shape.
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To further validate or invalidate this hypothesis, experiments were designed to vary the oxygen
integration in the films during the deposition. There are different ways to do that: if one has an ultra-
high vacuum deposition system with a very low amount of oxygen impurities and not contaminated
sidewalls, a good control injection of oxygen during film growth is the way to go. Unfortunately, in an
industrial system like the one used for this study, the oxygen content in the gas phase during deposition
can be such that there is a tiny amount of oxygen incorporated into the films during the growth because
of the outgassing of the walls of the coater even though the base pressure is 1 x 107 Torr. This is
certainly the case for the coatings incorporating highly reactive Zr. It is further known in the field that
biasing the substrate reduces the amount of oxygen content in the film compared to a floating mode.
Another explanation is that the target was heavily oxidized, and the target cleaning was insufficient,
leading to oxygen incorporation into the coating.

The effect of such an experimental design is summarized in Figure 6-4 for samples deposited at 5 mTorr

and 20 mTorr sputtering pressure, floating or -100V bias voltage.

If one looks at the oxygen content as measured versus depth by XPS, one can observe that the content
is modulated as expected in between samples because the ones deposited with a bias of —100 V (Figure
4.c & e) do not contain oxygen across the film thickness for low and high pressure. On the contrary, the
ones deposited in floating conditions contain about 10 % for both (Figure 4.b & d).

All samples are amorphous, as shown by the XRD (PANalytical X'Pert PRO) graphs (Figure 6-4.a).
However, the cross-sections exhibit different morphological patterns: the ones with no oxygen detected
are vein-like, while the two others are columnar-like, confirming our hypothesis that the vein-like

structure is only observed in the sample with low temperature-melting zone after cleavage.

To further confirm that hypothesis and validate that the observations are not related to a difference in
density or special film growth mode during the process induced by substrate biasing, another set of
experiments was performed with a bias of —100 V, a collateral benefit being that the oxygen content in
the film is below the XPS detection limit. Then a small flow of oxygen (3, 5, and 7 sccm) can be injected
during the deposition process to determine an oxygen concentration threshold for which the transition

venous/columnar morphology during the sample cleavage is affected, as shown in Figure 6-5.
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Figure 6-4. (a) XRD analysis of amorphous Cu-Zr TFMGs and SEM topography of b) 5
mTorr/floating, c) 5 mTorr/-100V, d) 20 mTorr/floating, €) 20 mTorr/-100V with XPS analysis inset
to the figs.

As can be seen from SEM images (see Figure 6-5 b-g), in the sample with no oxygen nor contamination
(pure metallic glass, Figure 5.b), a vein pattern is still observed in the fracture cross-section. However,
for any oxygen flowrate larger than 3 sccm (Figure 6-5.c-e), a columnar morphology is observed in the
films even for oxygen content in the film as low as 3-4 at. % (Figure 6-5.¢), while again, all the films
are amorphous (Figure 6-5.a). The formation of a dual peak in the XRD pattern of the sample with the
highest oxygen content indicates a marked local order but with extended average bond lengths. The
high oxygen percentage can induce changes in covalent bond behavior, local ordering, and geometrical
distortion [65,257,258], before (in terms of oxygen content), the oxide formation.
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Figure 6-5. (a) XRD analysis of amorphous Cu-Zr TFMGs and SEM topography of (b) 0 sccm, (c) 3
sccm, (d) 5 scem, (e) 7 scem, with XPS analysis inset to the figs.
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Chapter6.......... Vein pattern vs. columnar fracture shape in Cu-Zr thin film metallic glasses: Driving force and mechanism

This further confirms our hypothesis that a low amount of oxygen incorporation in the films probably
induces the creation of small ZrO; crystallites, raising the melting temperature locally and preventing
vein fracture shape creation during sample cleavage [259-262].

The top smooth layer in Figure 6-4.c and Figure 6-5.b is where stable shear deformation occurs. Despite
the possibility that the shear fracture may not occur simultaneously, this region proves that every part
of the radial shear band will fracture with approximately the same amount of shear. The thickness of
this region represents the maximum shear amount before fracture. The thinner, smooth region indicates

that the film experienced a higher local strain rate [263,264].

6.2. Conclusion

In conclusion, SEM cross-section analysis revealed venous and columnar fractures in samples deposited
under different conditions. These findings indicate a distinct phenomenon independent of the deposition
process. The theory suggests that columnar morphology transforms into vein patterns due to
deformation, energy dissipation, localized temperature rise, and melting caused by shear bands and
friction upon the sample cleavage. Experimental evidence supports this concept, highlighting the role
of oxygen content in fracture morphology during deposition. These discoveries significantly affect
material design and engineering applications, enhancing our understanding of metallic film fractures.
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Chapter 7 General conclusion

This thesis aimed to understand the mechanical behavior of thin films, especially a-C:H:Cr and Cu-Zr
TFMGs with an amorphous nature. The main scientific question we answered through this thesis was:
can we tailor and modify the fracture behavior of the amorphous thin films only by manipulating and
fine-tuning the deposition parameters and precursor gas in the PVD and PECVD process? To answer
this question, this Ph.D. thesis has focused on two key research areas.

In the first part, the author addressed a gap in the current practices within the coating community by
introducing a systematic material selection technique for optimizing a-C:H:Cr films based on targeted
performance indices. We demonstrated that the prevailing trial-and-error approach can be improved by
employing a comprehensive evaluation methodology. To achieve this objective, we selected four films
out of several coatings produced under different conditions, specifically varying sputtering pressures (5
mTorr, 20 mTorr) and bias voltages (floating or -100V), using the PECVD technique and then
extensively evaluated the mechanical properties of these films.

The study's findings indicate that the application of bias voltage is crucial in enhancing the film's
resistance to plastic deformation and wear resistance. Furthermore, higher deposition pressure
significantly improved the films' resistance to cracking under tension, regardless of the bias voltage
applied. One notable outcome of the investigations is that these films exhibited a higher elastic limit,
approximately 5%, compared to coatings within a similar industry class. Additionally, the films
displayed tunable fracture toughness, falling into three distinct regimes: low (<10 J/m?), mid (10-100
J/m32), and high (>100 J/m?) levels.

In the second part, the SEM cross-section analysis conducted on the Cu-Zr TFMG samples deposited
under various conditions unveiled the presence of venous and columnar fractures. Surprisingly, these
fractures appeared to be independent of the specific deposition process employed. This intriguing
observation points to a distinct phenomenon that is not solely influenced by the deposition parameters.
The proposed theory suggests that the columnar morphology of the films undergoes a transformation
into vein patterns when subjected to deformation. This transformation is attributed to several factors,
including energy dissipation, localized temperature rise, and melting caused by SBs and friction during
sample cleavage. Experimental evidence further supports this concept, emphasizing the significant role
played by the oxygen content in shaping the fracture morphology during the deposition process. These
compelling discoveries hold great implications for material design and engineering applications. They
provide valuable insights into the fracture behavior of amorphous coatings, shedding light on the
underlying mechanisms and processes involved. By deepening our understanding of film fractures and
their influencing factors, we can better tailor material properties and optimize deposition techniques for

improved performance and reliability in various engineering applications.
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Both sections highlighted the importance of comprehensive evaluation and the need to avoid a trial-
and-error approach. By proceeding with our proposed approach, scientists are now aware of their
amorphous coatings' purity and knowledge of fine-tuning them to meet the exact requirements of the

industry.

Our study also emphasizes that the optimization process should not solely focus on specific parameters
but instead involve combining and customizing mechanical properties to meet the diverse requirements
associated with different types of applications. By adopting this perspective, the author suggests that
amorphous coatings with tailored properties can be developed, enhancing coating performances across

various technological applications.
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8.  Perspectives

The current thesis posed several fresh concerns, the solutions of which may hold the key to intriguing

advancements in the mechanical characteristics of thin films.



Chapter 8 Perspectives

New findings in the study frequently give rise to fresh concerns. This was also the case when working
on this thesis, and it was not feasible to follow up on every one of them due to time limitations. In the
short term, Particularly with regard to the Cu-Zr TEMGs, there are still a number of unresolved issues
whose examination might support the conclusions previously published and broaden the field of study.

The a-C:H:Cr coatings have been deposited with the constant (10 at%) Cr throughout the coatings, and
their mechanical properties have been evaluated. Different amounts of Cr content could be studied
further to determine the effect of doping elements besides the deposition parameters since the addition
of Cr affects the residual stress, wear adhesion, and fracture toughness that we investigated during this

thesis study.

In this study, we studied the tensile behavior on the flexible substrate, also some attempts have been
conducted to study the mechanical properties with the lab-on-chip technique since it allows us to
develop thousands of elementary testing concepts on a single Si wafer, however, due to the large
residual compressive stress, pile-off process was not successful. It can be interesting to modify the
residual stress and compare the mechanical properties, specifically the fracture toughness of the free-
standing coatings with the results we achieved in this thesis. By this, we will be able to develop general
information regarding the mechanical properties of amorphous coatings in different testing conditions

and provide a reference for future works in this field.

Thin film thickness as the influencing factor of mechanical properties has not been studied deeply in
this thesis, and the optimum thickness of 1 um has been kept for all coatings. So, it is interesting to
study the effect of coating thickness on the fracture behavior of the Cu-Zr TFMGs since scholarly works
have been done showing the contribution of the coating thickness on the fracture behavior of metallic
glass coatings. In this study, we proposed the deposition parameters where the fine-tuned fracture
properties were achieved, and it can be interesting to continue investigations by tuning the total film

thickness and modulation of multilayer thickness besides the specified parameters in this study.

This thesis study has made a novel claim regarding the fracture behavior of Cu-Zr TFMGs. Depper
studies are under progress to investigate the Cu-rich and Zr-rich regions for the fracture cross-section
with the high-resolution TOF-SIMS with depth resolution of 1nm and lateral resolution of 50nm. We
hope to observe the composition map of the vein pattern to experimentally prove the segregation of Cu
and Zr during the cleavage. There are not yet reported results. It is interesting to continue the
fundamental investigations on Cu-Zr topic since there is a huge scientific potential and remaining

discoveries for this topic.

On a longer-term view, a thorough study of the functional properties of TFMGs remains a very open

scientific field. In this study, we only focused on the mechanical properties, specifically the fracture
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toughness of the amorphous coatings. However, a more complete study of the corrosion behavior of the
coatings will be interesting since the Cu-Zr based coatings are increasingly being used as anti-corrosion
coatings. Recent studies show an extraordinary corrosion resistance of the CusZreo TFMGs [265], even
in the long term. In this thesis study, we have produced the same composition under different deposition
conditions. Studying the corrosion resistance of the already prepared samples and developing the novel
Cu-Zr TFMGs with modified mechanical and anti-corrosion properties can be interesting. This will help

explore new domains that can increase the potential use of TFMGs for high-tech applications.
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9.1. Thin film microstructure investigation
9.1.1. X-Ray Diffraction (XRD)

The principle of the methods is based on the diffraction of X-rays by periodic atomic planes and the
angle or energy-resolved detection of the diffracted signal. The geometrical interpretation of the XRD
phenomenon (constructive interferences) was given by W.L. Bragg in 1913 [266]. Certain directions
are thus privileged, and a network of corresponding intense points appears in the reciprocal network.
Bragg's Law plays a central role in XRD analysis by relating the angles at which diffraction peaks occur
to the interplanar spacing of crystal lattice planes. In a polycrystalline, untextured material with fine
grains, diffraction occurs for each lattice plane and direction that satisfies Bragg’s law in the case of

constructive interferences [267].
9.1.2. X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is a surface-sensitive (probe depth ~50 A) analysis method
for quantitative, qualitative, and chemical analysis. The XPS method relies on the detection of core
electrons photoemitted (PE) from the surface by monochromatic X-rays with known energies of Ej,,.
X-rays with a certain energy are used to irradiate the sample's surface to start the XPS process. These
X-rays have sufficient energy to interact with core electrons (typically electrons in the innermost
electron shells) of the atoms in the sample. An X-ray photon can transmit enough energy to a core
electron during their interaction for the electron to be ejected from its atomic orbit. The photoelectric
effect is what is happening here. The term "photoelectron™ refers to the ejected electron. The ejected
photoelectron contains information about the origin of the element and its energy. By measuring the
kinetic energy (Ej) of the photoelectron, which depends on the energy of the incident X-ray and the
binding energy (Eg) of the electron in its initial atomic orbit, it is possible to deduce the binding energy
by using the following equation:

Eg = Ep, —Eg — Pspec [eV] (9-1)

where Ej,, is the energy of the incident photon (X-ray in this case, which is a known and fixed value),
and @y Is the spectrometer extraction work. In the XPS spectrum, the intensity is plotted versus the

binding energy, calculated from the energy conservation law. The benefit of the technique is that the

binding energy of an element may change if the chemical environment is modified [268].
9.1.3. Scanning Electron Microscopy (SEM)

SEM is widely used to investigate the microstructure and composition of various materials. The main

components of the SEM include a source of electrons, electromagnetic lenses to focus electrons,
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electron detectors, sample chambers, computers, and displays to view the images. Electrons, produced
at the top of the column, are accelerated downwards, passing through lenses and apertures to produce a
fine beam of electrons. The electron beam hits the sample's surface mounted on a movable stage under
vacuum. This beam scanning enables information about a defined area of the sample. The interaction
of the electron beam with the sample generates several signals, which appropriate detectors can then
detect. The advantages of SEM include detailed three-dimensional (3D) topographical imaging and
versatile information obtained from different detectors. The microscope is easy to operate, and the
associated software is user-friendly. SEM can also be used to analyze the film's morphology and directly

measure its thickness when looking at the film's cross-section [269].
9.1.4. Transmission Electron Microscopy (TEM)

The microscopy method known as transmission electron microscopy (TEM) involves transmitting an
electron beam through a very thin material while having the electrons interact with it. Electrons
transported through the material interact with one another, creating a picture. The picture is enlarged
and focussed onto a layer of photographic film, a fluorescent screen, or a sensor like a charge coupled
device (CCD). The TEM functions similarly to a light microscope but uses electrons instead of light.
The best resolution feasible for TEM pictures is many orders of magnitude better than that from a light
microscope because the wavelength of electrons is significantly less than that of light. Consequently,
TEMSs may provide the most precise data about interior structure, perhaps even down to the level of
individual atoms [270].

9.1.5. Raman Spectroscopy

Raman spectroscopy is an effective, non-destructive characterization method that examines the rotation
and vibration of molecules. In an experiment, the sample is exposed to a monochromatic incoming
beam that is generally in the visible spectrum, and the radiation that is scattered from the sample is then
measured. Although some photons in the scattered light have been dispersed inelastically, most of the
photons in the scattered light have the same frequency as the input radiation (Rayleigh Scattering). Only
about 1 in 107 photons emerge with a change in frequency, and this scattering is called Raman scattering.

Figure 9-1 shows the principle of Raman scattering [271].
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Figure 9-1. Diagram of the Rayleigh and Raman scattering processes [271].
9.1.6. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) allows for the imaging of nearly any surface, including polymers,
ceramics, composites, glass, and biological materials. Adhesion strength, magnetic forces, and
mechanical characteristics are just a few of the various forces that may be measured and localized with
AFM. In this method, a laser beam reflected by a cantilever that holds the AFM tip is focused onto a
photodiode to monitor the movement of the AFM tip in response to tip-surface interactions. Contact
mode and tapping mode are two fundamental ways to use an AFM. The AFM tip constantly touches

the surface while operating in contact mode [272].

In contrast, the AFM cantilever vibrates above the sample surface in the tapping mode, resulting in only
occasional contact between the tip and the surface. In doing this, the shear pressures brought on by tip
movement are lessened. Therefore, the suggested method for AFM imaging is tapping mode, which is
often employed. The highest height the AFM can detect is on the order of micrometers, and the largest
scanning area is around 150 by 150 micrometers [272]. The Schematic of the AFM device is seen in
Figure 9-2.
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Figure 9-2. Schematic of an atomic force microscope with (I) laser beam reflected by a cantilever, (II)
position sensitive photodetector to measure the deflection, (IIT) piezoelectric scanner to position the
sample with A accuracy, (IV) sample’s Z-axis controller [273].

9.2. Thin film mechanical properties
9.2.1. Nanoindentation and micro-scratch test

Nanoindentation is the most used technique to determine the nano and micro-sized materials'
mechanical properties, such as hardness, elastic modulus, fracture toughness, creep, and dynamic
properties, such as storage and loss moduli [274].

The nanoindentation technique is quite simple: it utilizes a diamond tip that is in contact with the
material's surface, and by increasing the force, the tip begins to penetrate the surface and make an
impression [275]. By continuously applying the force, the displacement sensor positioned close to the
indenter tip measures the indenter's vertical displacement as it penetrates the material's surface. Then,
the load-displacement curve will be plotted. Then, the final result from the indentation test is the amount
of hardness, which is then calculated as the force applied to the material's surface divided by the

projected area of the contact surface between the tip and the sample.

Not only can nanoindentation measure the hardness and elastic modulus, but it also can be used to
estimate the yield strength of a material. This method has its own drawbacks reported in the literature,

such as substrate pile-up and sink-in effects [276].

Below is the calculation formula for the nanoindentation hardness of a material

H — Fmax ) (9_2)




Chapter 9 Annex

where H is the sample hardness, Frmax is the maximum pre-defined load during the indentation test, and
A, is the projected contact area between the indenter tip and the sample at maximum load. Fmax is
measured directly by nanoindentation; however, it is not obvious for the device to calculate the contact
area, Ap. For this purpose, the well-established Oliver-Pharr method calculates the A,. A detailed
description of this method is available in the literature, and here the procedure is mentioned [170,171].
Firstly, contact stiffness, S, is calculated in this method which shows the maximum depth at the time
that force is applied to the sample’s surface. For this purpose, a power-law curve fit was performed on

the unloading segment of the force-displacement curve in the form
F =ACh—h)™, (9-3)

Here F is load as a function of h, which is the displacement into the surface, hs is the x-intercept of the

unloading curve, as labeled in Figure 9-3.
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Figure 9-3. The schematic of a load-displacement curve for indentation [69].

Then according to the mentioned formula, S = Z—Z the contact stiffness is calculated at hmax, Where hmax

is the maximum displacement into the sample. Next, contact depth, hccan be calculated. Calculation of
this parameter is related to the shape of the indenter and remaining features on the surface. If the shape
of the indenter is three-dimensional, during the tip and the sample touch each other, the contact depth
is the height of this surface along the sample surface normal. In order to determine the contact depth,

Sneddon’s expression is used as

Fmax
he = hpax — &( ), (9'4)
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Therefore, A, can be calculated from equation (2.7), which is a direct and obvious relationship between
the contact depth of the indenter and the projected area of the contact, and the geometry of the indenter
itself defines this relation. Here due to the usage of the Berkovich tip, A, can be defined as

A, = 24.5h%. (9-5)

The key point for calculating the mechanical properties of thin film materials is to minimize the effect
of the substrate on the measurement. For this purpose, the indentation depth has to be limited to less
than 10% of the film thickness. However, this district rule is not always reliable, especially if the elastic
mismatch between film and substrate is large. Also, another problem is that the 10% rule is not useful
for very thin films when experimental issues make it difficult to obtain accurate results for very shallow
indentations [275].

9.2.2. Tensile testing on polymer substrate

The most practical material characterization test currently available may be the uniaxial tensile test. It
measures the force necessary to stretch a test specimen over time in increasing increments until it cracks.
Elasticity, plasticity, and ultimate strength are three crucial material qualities measured by the test. In
addition, it produces stress-strain curves, a quantitative representation of a material's mechanical

characteristics. The stress-strain curve obtained from the tensile test is shown in Figure 9-4.
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Figure 9-4. Stress-Strain diagram.

The stress and strain develop linearly throughout a tensile test until they reach the proportional limit
just below the yielding point. Youngs's modulus (E) is one of the characteristics of the material that can
be extracted from the slope of the curve up to this point. When the stress and strain reach the elastic

limit, also known as the yield strength point, the material's behavior changes from elastic to plastic.
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Before the stress reaches a final stress point, the nonlinear stress lowers to a smaller yield, symbolizing
the dislocations of atoms. The term "strain hardening" refers to this area. Beyond the point of ultimate
strength, the stress decreases due to necking to a final fracture of the specimen. If the stress (and
therefore strain) applied to a material is below the yield strength, both the stress and strain will recover
to zero by removing the applied force. However, if the elastic limit is exceeded, only the elastic strain
will be recovered, and the plastic strain will remain as a permanent set. Since it is usually undesirable
to experience a permanent set in a component, engineers would like to design parts so that the expected
service stress is less than the elastic limit or modify the material to increase the stress where plastic

deformation begins by some reasonable factor of safety.

9.3. Additional findings about Cu-Zr TFMGs

In the course of this Ph.D. investigation, | have contributed to elucidating the underlying mechanism
and determining the predominant driving forces responsible for various fracture characteristics
observed in Cu-Zr TFMGs. Furthermore, I have successfully engineered a multilayer coating consisting
of four distinct, identifiable layers characterized by vein-like and columnar fracture patterns, all
encapsulated within a single specimen (see Figure 9-5). In order to gain a comprehensive understanding
of the influence of each parameter on the material's mechanical properties, it is imperative to conduct a
thorough examination of the effects stemming from variations in sublayer thickness, the number of

layers, and different compositional configurations within such a multilayered film.
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Figure 9-5. SEM micrograph of multilayered Cu-Zr TFMG with and without oxygen.

In the scope of this thesis, we studied the mechanical properties of a couple of samples in this group,
which the comparison is inserted in Table 9-1 and Table 9-2. In this table single layer without oxygen
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injection during the deposition is named (SLO), the single layer with 3 sccm of oxygen injection as

(SL3), and the multilayered sample with and without oxygen injection is named (MLO/3).

Table 9-1. Comparison in mechanical properties of single layer (SL) and multilayer (ML) with and

without oxygen injection during the deposition process. (a) SLO (b) SL3, and (c) MLO0/3.

H E' H/E' H3/E"? oy o,/E

(GPa) (GPa) (GPa) (GPa)
a 48403 110 + 4.7 4.36 + 0.3x1072 9.14 + 0.6 x1073 2.04 + 0.09 0.018
b 509402 134+ 54 3.7840.2x1072 7.29+0.4 x1073 2.12 4+ 0.07 0.016
c 39401 110+ 1.1 3.56+0.1x1072 5.03+0.1 x1073 1.6 +0.03 0.015

Table 9-2. Comparison in fracture behavior of single layer (SL) and multilayer (ML) with and without

oxygen injection during deposition. (a) SLO (b) SL3, and (c) MLO0/3 extracted from vein patterns

width,
Vein width Kic G Process zone size
(nm) (MPa./m) (I/m?) (nm)
a 538+3 3+0.2 81.5+78 685+ 57.5
c 38+ 29 2+0.1 364+ 69 484+ 40.2

These comparisons show a slight increase in hardness and yield strength of the sample by injection of
tiny amounts of oxygen that seems to be due to oxide nucleation and dispersion, as discussed in detail
in [119,277,278]. However, a deeper understanding is needed based on microstructure and chemical

characterization.

Fracture toughness and fracture energy release rate have been compared with the literature and results
show a good agreement with other works also, effect of multilayering is obvious. Increase in fracture

toughness with decreasing the

Table 9-3. Comparison of fracture toughness and fracture energy release rate.

Study Fracture toughness  Fracture energy
(MPa.\/m) (/m?)
[123] 3.84 157.9
[126] 2.7+0.5 60
[128] 3.7+04 147.2
5 mTorr/-100V with 225nm sublayer thickness 4.73+0.66 151.3
5 mTorr/-100V with 150nm sublayer thickness 4.49+0.58 1335
5 mTorr/-100V with 40nm sublayer thickness 5.04+0.71 176.1

5 mTorr/-100V with 20nm sublayer thickness 4.34+0.44 127.3
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5 mTorr/-100V with 10nm sublayer thickness 4.21+0.26 130.0
5 mTorr/-100V with Mono-layer 3.00+0.21 81.5
20 mTorr/-100V with Mono-layer 3.74+0.21 119.5

While numerous studies have focused on the mechanical properties and improvements of Cu-Zr TFMGs
using various methods, there has been a lack of comprehensive investigations specifically targeting the

fracture behavior of these coatings in different deposition conditions.

Besides that, we were able to mimic vein-like fracture features even with the presence of oxygen, which
can be called reverse engineering, by using the laser beam for the regional melting process
(approximately above 2000 °C) and solidification (see Figure 9-6).

Figure 9-6. Conversion of (a) columnar fracture patterns to (b) vein-like feature after laser treatment.

(c) shows higher magnification of the fracture cross-section with vein patterns.

This experiment shows the ability to customize the Cu-Zr TFMGs produced in this project; however, it

needs a deeper understanding and study of microscopic phenomena behind each occurrence.
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9.4. In-situ SEM tensile tests

Thin film fracture happens in three steps: crack initiation, crack propagation, and crack enlargement.
Figure 9-7 shows the crack propagation and enlargement during the tensile testing for different samples

where the evolution of saturation crack density inserted in Table 5-3 has been calculated at ¢ = 25%.

5 mTorr/floating €=0%

5 mTorr/-100V

20 mTorr/floating

10 pm

20 mTorr/-100V

10 pm

Figure 9-7. Fragmentation mechanism of a-C:H:Cr films on polymer substrate during tensile testing.
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ERD: Elastic Recoil Detection

COF: Coefficient of Friction

DCM: Dynamic Contact Module

FWHM: Full Width at Half Maximum



List of publications



Journal articles

° Bagherpour A, Haye E, Moskovkin P, Lucas S. Vein pattern vs. columnar fracture shape in
Cu-Zr thin film metallic glasses: Driving force and mechanism. Materialia. 2023 Sep 29:101914.

. Bagherpour A, Baral P, Colla MS, Orekhov A, ldrissi H, Haye E, Pardoen T, Lucas S.
Tailoring Mechanical Properties of a-C:H:Cr Coatings. Coatings. 2023 Dec 14;13(12):2084.

Conference contributions

° Oral presentation entitled “Vein pattern vs. columnar fracture shape in Cu-Zr thin film metallic
glasses: Driving force and mechanism”, Namur, Belgium, NISM annual meeting, 2023

o Oral presentation entitled “Hydrogenated amorphous carbon (a-C:H) thin films deposited by
low pressure plasma: study of the bias voltage and pressure dependencies of morphology and tensile
behavior”, Namur, Belgium, NISM annual meeting, 2020

. Oral presentation entitled “Dual-phase CuZr thin film metallic glasses (TFMGs) deposited by
PVD magnetron sputtering: bias voltage and thickness dependency of structure, hardness, and wear
resistance”, Barcelona, Spain, SICT, 2021

° Poster presentation titled “Hydrogenated amorphous carbon (a-C:H) thin films deposited by
lowpressure plasma: linking mechanical and fracture behavior to deposition conditions”, Paris, France,
SICT, 2021

. Poster presentation entitled “Surface Development for tomorrow’s applications”, Namur,
Belgium, Institute day, 2021

° Poster presentation entitled “Dual-phase CuZr thin film metallic glasses (TFMGs) deposited by
PVD magnetron sputtering: bias voltage and thickness dependency of structure, hardness, and wear
resistance”, Namur, Belgium, EFID, 2022

. Poster presentation entitled “Dual-phase CuZr thin film metallic glasses (TFMGSs) deposited by
PVD magnetron sputtering: bias voltage and thickness dependency of structure, hardness, and wear

resistance”, Namur, Belgium, NISM annual meeting, 2022

Poster presentation entitled “Dual-phase CuZr thin film metallic glasses (TFMGs) deposited by PVD
magnetron sputtering: bias voltage and thickness dependency of structure, hardness, and wear
resistance”, Namur, Belgium, NANOWAL, 2023






