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abstract, index record, and citation information including title, author name, degree 
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5. The PQDT database includes the Abstract Database and is supplemented by the 

addition of certain select dissertations and master's theses in PDF format. Whether a 

dissertation is represented in full PDF format varies based on a number of factors, 
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Refk cfijp ^ob `or`f^i `ljmlkbkqp fk ^ tfab o^kdb lc jriqfi^vbo jf`olbib`qolkf` ^ka lmqf`^i

absf`bp, Rebv ^ob ^ipl abpfo^_ib `^kafa^qbp clo jf`ol+^`qr^qlop fk jf`ol+bib`qol+jb`e^kf`^i

absf`bp, Reb pfwb p`^ibp ^ka afppfjfi^o k^qrob lc qeb `lkpqfqrbkqp mobpbkq dob^q `e^iibkdbp

obd^oafkd qebojljb`e^kf`^i fkqbdofqv ^ka obif^_fifqv, Gkqboc^`f^i ^aebpflk fp ^ `ofqf`^i m^o^jbqbo

dlsbokfkd qeb jb`e^kf`^i _be^sflo ^ka obif^_fifqv lc ^ qefk cfij lk ^ pr_pqo^qb, J^pbo+

pm^ii^qflk qb`ekfnrbp e^sb _bbk absbilmba ql fksbpqfd^qb qeb fkqofkpf` pqobkdqe lc mi^k^o

fkqboc^`bp rpfkd i^pbo+dbkbo^qba pqobpp t^sbp, Gk ^ii qeb i^pbo+pm^ii^qflk bumbofjbkqp obmloqba

fk qeb ifqbo^qrob* lkiv kloj^i mobpprob mripbp tbob ^mmifba ql qeb cfijp, Alkpbnrbkqiv* qeb

fkqboc^`bp tbob pr_gb`qba ql lkiv qbkpfib &jlab G' il^afkd, Gk jlpq `ljjbo`f^i ^mmif`^qflkp*

eltbsbo* qefk+cfij fkqboc^`bp c^fi rkabo jfuba+jlab `lkafqflkp, Reb dl^i lc qefp afppboq^+

qflk fp ql absbilm qeb rpb lc i^pbo+dbkbo^qba pqobpp t^sbp ql `e^o^`qbofwb fkqofkpf` fkqboc^`f^i

pqobkdqe lc qefk cfijp rkabo jfuba+jlab `lkafqflkp,

U fqe ^ sfbt qlt^oap lmqfj^i abpfdk clo qeb jfuba+jlab il^afkd bumbofjbkq* ^ ofdlolrp

qeblobqf`^i ^k^ivpfp lc pqobpp+t^sb dbkbo^qflk* molm^d^qflk* ^ka ^qqbkr^qflk fp `^oofba lrq

cliiltba _v ^ pvpqbj^qf` bumbofjbkq^i pqrav lc qbkpfib pm^ii^qflk, Reb pm^ii^qflk _be^sflo lc

^irjfkrj qefk cfijp fp fksbpqfd^qba ^p ^ crk`qflk lc pr_pqo^qb qef`hkbpp* cfij qef`hkbpp* i^pbo

bkbodv* ^ka s^oflrp m^o^jbqbop dlsbokfkd qeb plro`b, Rtl afccbobkq pr_pqo^qb j^qbof^ipà

pfkdib `ovpq^i pfif`lk &/..' ^ka crpba pfif`^à^ob `lkpfaboba, Reblobqf`^i ^k^ivpfp molsfabp

jb^kfkdcri fkpfdeq fkql qeb k^qrob lc qeb t^sb molm^d^qflk* tefib qeb bumbofjbkq^i m^o^+

jbqof` pqrav obsb^ip fjmloq^kq abpfdk s^of^_ibp clo fjmolsfkd qeb qbkpfib pm^ii^qflk qbpq ^ka

absbilmfkd qeb jfuba+jlab il^afkd bumbofjbkqp, Mc m^oqf`ri^o fjmloq^k`b fp qe^q crpba+

fff
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ABSTRACT 

Thin films are crucial components in a wide range of multilayer microelectronic and optical 

devices. They are also desirable candidates for micro-actuators in micro-electro-mechanical 

devices. The size scales and dissimilar nature of the constituents present great challenges 

regarding thermomechanical integrity and reliability. Interfacial adhesion is a critical parameter 

governing the mechanical behavior and reliability of a thin film on a substrate. Laser­

spallation techniques have been developed to investigate the intrinsic strength of planar 

interfaces using laser-generated stress waves. In all the laser-spallation experiments reported 

in the literature, only normal pressure pulses were applied to the films. Consequently, the 

interfaces were subjected to only tensile (mode I) loading. In most commercial applications, 

however, thin-film interfaces fail under mixed-mode conditions. The goal of this disserta­

tion is to develop the use of laser-generated stress waves to characterize intrinsic interfacial 

strength of thin films under mixed-mode conditions. 

With a view towards optimal design for the mixed-mode loading experiment, a rigorous 

theoretical analysis of stress-wave generation, propagation, and attenuation is carried out 

followed by a systematic experimental study of tensile spallation. The spallation behavior of 

aluminum thin films is investigated as a function of snbstrate thickness, film thickness, laser 

energy, and various parameters governing the source. Two different substrate materials­

single crystal silicon (100) and fused silica-are considered. Theoretical analysis provides 

meaningful insight into the nature of the wave propagation, while the experimental para­

metric study reveals important design variables for improving the tensile spallation test and 

developing the mixed-mode loading experiments. Of particular importance is that fused-

iii 
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pfif`^ pr_pqo^qbp* tfqe qebfo kbd^qfsb klkifkb^o bi^pqf`fqv* `^rpb qeb `ljmobppfsb pqobpp t^sb

dbkbo^qba _v qeb mripfkd i^pbo ql bslisb ^ ab`ljmobppflk pel`h* tef`e fp `ofqf`^i clo dbkbo^+

qflk lc qeb c^pq c^ii qfjbp kbbaba clo pfdkfcf`^kq il^afkd lc qefk+cfij fkqboc^`bp,

@^pba lk qeb qeblobqf`^i ^ka bumbofjbkq^i m^o^jbqof` pqrav obpriqp* qeb mi^k^o qbkpfib

p^jmib dbljbqov fp jlafcfba ql ^ qof^kdri^o mofpj pl qe^q ^ efde+pqo^fk+o^qb peb^o t^sb fp

dbkbo^qba &_v jlab `lksbopflk ^q ^k l_ifnrb proc^`b' ^ka qebk ^iiltba ql fjmfkdb rmlk

qeb qbpq cfij, @v ^iiltfkd qeb fkfqf^i ilkdfqrafk^i t^sb ql jlab+`lksboq ql ^ peb^o t^sb

^ka ^ pb`lka^ov ilkdfqrafk^i t^sb ^q qeb l_ifnrb proc^`b* jfuba+jlab il^afkd lc qeb qefk

cfij fkqboc^`b fp ob^ifwba, Reb cfij c^firob m^qqbokp l_pbosba rkabo jfuba+jlab `lkafqflkp

^ob nrfqb afccbobkq colj qelpb l_pbosba fk qeb qbkpfib `^pb, @v jb^profkd qeb lrq+lc+mi^kb

afpmi^`bjbkq lc qeb qbpq cfij rpfkd ^k fkqbocboljbqbo* fkqboc^`f^i pqobkdqe rkabo jfuba+jlab

`lkafqflkp fp l_q^fkba ^ka `ljm^oba tfqe qeb qbkpfib s^irbp, Reb peb^o pqobkdqe rkabo jfuba+

jlab `lkafqflkp fp pifdeqiv efdebo qe^k qeb qbkpfib pqobkdqe clo qeb p^jb ^irjfkrj-crpba

pfif`^ fkqboc^`b, Reb jfuba+jlab il^afkd bumbofjbkq absbilmba fk qefp afppboq^qflk molsfabp

^ kbt qlli ql bumilob ^ o^kdb lc qefk+cfij fkqboc^`f^i c^firob jlabp ^p tbii ^p qeb olib lc pr`e

buqofkpf` bccb`qp ^p obpfar^i pqobpp* proc^`b olrdekbpp* ^ka fjmbocb`qflkp,

fs
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silica substrates, with their negative nonlinear elasticity, cause the compressive stress wave 

generated by the pulsing laser to evolve a decompression shock, which is critical for genera­

tion of the fast fall times needed for significant loading of thin-film interfaces. 

Based on the theoretical and experimental parametric study results, the planar tensile 

sample geometry is modified to a triangular prism so that a high-strain-rate shear wave is 

generated (by mode conversion at an oblique surface) and then allowed to impinge upon 

the test film. By allowing the initial longitudinal wave to mode-convert to a shear wave 

and a secondary longitudinal wave at the oblique surface, mixed-mode loading of the thin 

film interface is realized. The film failure patterns observed under mixed-mode conditions 

are quite different from those observed in the tensile case. By measuring the out-of-plane 

displacement of the test film using an interferometer, interfacial strength under mixed-mode 

conditions is obtained and compared with the tensile values. The shear strength under mixed­

mode conditions is slightly higher than the tensile strength for the same aluminum/fused 

silica interface. The mixed-mode loading experiment developed in this dissertation provides 

a new tool to explore a range of thin-film interfacial failure modes as well as the role of such 

extrinsic effects as residual stress, surface roughness, and imperfections. 

iv 
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Rl Vf^lmbkd* ?a^j ^ka Kf`e^bi,

m
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Ae^mqbo /

Gkqolar`qflk

/,/ @^`hdolrka

Refk cfijp ^ob `or`f^i `ljmlkbkqp fk ^ tfab o^kdb lc jriqfi^vbo jf`olbib`qolkf` ^ka lmqf`^i

absf`bp, Rebv ^ob ^ipl abpfo^_ib `^kafa^qbp clo jf`ol+^`qr^qlop fk jf`ol+bib`qol+jb`e^kf`^i

pvpqbjp arb ql qebfo efde bkbodv abkpfqfbp ^ka pqo^fk `^m^_fifqfbp, Reb pfwb p`^ibp ^ka afp+

pfjfi^o k^qrob lc qeb `lkpqfqrbkqp mobpbkq dob^q `e^iibkdbp clo qebojljb`e^kf`^i fkqbdofqv

^ka obif^_fifqv Yi[ ,/ J^odb obpfar^i pqobppbp fkar`ba fk cfijp arofkd c^_of`^qflk e^sb ^ pfd+

kfcf`^kq fjm^`q lk jb`e^kf`^i molmboqfbp ^ka mbocloj^k`b lc qeb cfijp, Skabo ^mmolmof^qb

`lkafqflkp qeb obpfar^i pqobpp `^k `^rpb qeb cfij ql ab`lebob* `o^`h* lo _r`hib ^t^v colj qeb

pr_pqo^qb, ? m^oqf`ri^o `e^iibkdb fp qeb abpfdk ^ka fjmibjbkq^qflk lc qbpq mol`barobp qe^q

jb^prob qefk+cfij fkqboc^`b molmboqfbp,

Gkqboc^`f^i ^aebpflk fp ^ `ofqf`^i m^o^jbqbo dlsbokfkd qeb jb`e^kf`^i _be^sflo ^ka obif^+

_fifqv lc ^ qefk cfij lk ^ pr_pqo^qb, Gk ^kv mo^`qf`^i ^mmif`^qflkp lc qefk cfijp* qeb ibsbi lc

^aebpflk obnrfoba clo qeb qefk cfij pqor`qrob abmbkap lk qeb pbsbofqv lc qeb lmbo^qfkd bksfolk+

jbkq, Kfqq^i Y0* 1[ `i^ppfcfba ^aebpflk fkql qtl `^qbdlofbp8 â_^pf` ^aebpflkä ^ka âmo^`qf`^i

^aebpflkä, Dlo ^k fab^i mi^k^o fkqboc^`b* qeb _^pf` ^aebpflk pqobkdqe `loobpmlkap ql qeb

prjj^qflk lc ^ii ^qljf` ^ka jlib`ri^o _lkafkd clo`bp ^`qfkd _bqtbbk qeb ^aglfkfkd j^qb+

of^i proc^`bp, Gk mo^`qf`b* eltbsbo* qeb fkqboc^`f^i obdflk `^k abmbka lk j^kv m^o^jbqbop*

,FldY\ij `e jhlXi\ YiXZb\kj S U [\efk\ \eki`\j `e k_\ D`jk f] J\]\i\eZ\j' Y\^`ee`e^ fe gX^\ ,/1)

/
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Chapter 1 

Introduction 

1.1 Background 

Thin films are crucial components in a wide range of multilayer microelectronic and optical 

devices. They are also desirable candidates for micro-actuators in micro-electro-mechanical 

systems due to their high energy densities and strain capabilities. The size scales and dis­

similar nature of the constituents present great challenges for thermomechanical integrity 

and reliability [1).1 Large residual stresses induced in films during fabrication have a sig­

nificant impact on mechanical properties and performance of the films. Under appropriate 

conditions the residual stress can cause the film to decohere, crack, or buckle away from the 

substrate. A particular challenge is the design and implementation of test procedures that 

measure thin-film interface properties. 

Interfacia.1 adhesion is a critical parameter governing the mechanical behavior and relia­

bility of a thin film on a substrate. In any practical applications of thin films, the level of 

adhesion required for the thin film structure depends on the severity of the operating environ­

ment. Mittal [2, 3] classified adhesion into two categories: "basic adhesion" and "practical 

adhesion". For an ideal planar interface, the basic adhesion strength corresponds to the 

summation of all atomic and molecular bonding forces acting between the adjoining mate­

rial surfaces. In practice, however, the interfacial region can depend on many parameters, 
1 Numbers in square brackets [ ] denote entries in the List of References, beginning on page 146. 
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pr`e ^p pr_pqo^qb proc^`b jlomelildv* `ebjf`^i fkqboafccrpflk* `lkq^jfk^qflk* ^ka abcb`qp

Y2* 3[, Rerp* qeb jb^proba clo`b lo tloh obnrfoba ql abq^`e ^ cfij lo `l^qfkd colj qeb pr_+

pqo^qb fp abcfkba ^p qeb mo^`qf`^i ^aebpflk, Rbpqfkd fkqboc^`f^i ^aebpflk pqobkdqe qvmf`^iiv

fkslisbp ^mmivfkd buqbok^i il^ap _v pljb jb^kp ql qeb proc^`b lc qeb cfij ^ka dbkbo^iiv

obpriqp fk ^ `ljmibu pqobpp cfbia ^q qeb fkqboc^`b _b`^rpb lc qeb il^a+^mmif`^qflk jb`e^kfpj*

qeb afppfjfi^o j^qbof^ip fkslisba* ^ka lcqbk i^odb fkar`ba abcloj^qflkp,

Qfdkfcf`^kq bccloq e^p _bbk abslqba ql qeb absbilmjbkq lc qbpq mol`barobp clo qeb jb^prob+

jbkq lc qefk+cfij ^aebpflk* lc tef`e qeb jlpq `ljjlk ^ob qeb p`o^q`e* mbbi* mrii* _ifpqbo* ^ka

fkabkq^qflk qbpqp, Reb cfopq nr^kqfq^qfsb rpb lc qeb p`o^q`e qbpq t^p obmloqba _v Fb^sbkp Y4[

^ka Ub^sbo Y5[, J^qbo qefp jbqela _b`^jb ^ `ljjlkiv rpba qb`ekfnrb fk `e^o^`qbofwfkd qeb

^aebpflk ^ka jb`e^kf`^i aro^_fifqv lc qefk e^oa cfijp* tef`e rpr^iiv e^sb ^ efde ^aebpflk

pqobkdqe Y6+/1[, Gk qeb p`o^q`e qbpq* ^ `lkf`^i af^jlka fkabkqbo fp aofsbk fkql ^ cfij p^jmib

rkqfi ^ il^a aolm l``rop* fkaf`^qfkd abi^jfk^qflk, Reb p`o^q`e qbpq fp pfjmib* _rq buqo^`qfkd

^ nr^kqfq^qfsb ^aebpflk s^irb e^p molsbk ql _b afccf`riq Y7[, @lqe qeb qbpqfkd m^o^jbqbop

&il^afkd o^qbp* pqvirp o^afrp' ^ka qeb p^jmib m^o^jbqbop &cfij qef`hkbpp ^ka pr_pqo^qb e^oa+

kbpp' fkcirbk`b qeb qbpq obpriqp, Rerp* qeb p`o^q`e qbpq rpr^iiv molsfabp lkiv ^ `ljm^o^qfsb

jb^prob lc fkqboc^`f^i pqobkdqe,

Gk qeb mbbi qbpq* cfopq rpba _v Qqolkd Y/2[* ^k ^aebpfsb i^vbo fp _lkaba ql qeb cfij proc^`b

^ka ifcqba lcc* mlqbkqf^iiv objlsfkd qeb cfij, Gk ^k ^iqbok^qfsb sbopflk lc qefp qbpq* ^klqebo

qef`hbo i^vbo fp abmlpfqba lk qeb qefk cfij ^ka qeb obpfar^i pqobpp `^rpbp qeb i^vbo ql mbbi

lcc qeb cfij Y/3[, Nbbi pqobkdqe abmbkap lk j^kv m^o^jbqbop* fk`irafkd cfij qef`hkbpp ^ka

pr_pqo^qb `ljmif^k`b* ^ka `^k fkslisb pr_pq^kqf^i bi^pqf`+mi^pqf` abcloj^qflk lc qeb cfij Y/4[,

Reb mbbi qbpq fp prfq^_ib lkiv clo cfijp fk tef`e qeb ^aebpflk ql qeb pr_pqo^qb fp tb^hbo

qe^k ql qeb ^aebpfsb i^vbo, Dlo `^pbp tebob qeb ^aebpflk fp `lkpfabo^_iv efdebo* qeb mrii

qbpq Y7* /5* /6[ fp lcqbk rpba, Gk ^ mrii qbpq* ^ pqra fp ^qq^`eba ql qeb cfij rpfkd ^ pqolkd

^aebpfsb, Reb mbombkaf`ri^o clo`b obnrfoba ql objlsb qeb pqra fp jb^proba ^ka qebk afsfaba

_v qeb ^ob^ lc objlsba cfij ql `^i`ri^qb qeb ^aebpfsb pqobkdqe, ? j^glo ifjfq^qflk lc qeb

0
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such as substrate surface morphology, chemical interdiffusion, contamination, and defects 

[4, 5}. Thus, the measured force or work required to detach a film or coating from the sub­

strate is defined as the practical adhesion. Testing interfacial adhesion strength typically 

involves applying external loads by some means to the surface of the film and generally 

results in a complex stress field at the interface because of the load-application mechanism, 

the dissimilar materials involved, and often large induced deformations. 

Significant effort has been devoted to the development of test procedures for the measure­

ment of thin-film adhesion, of which the most common are the scratch, peel, pull, blister, and 

indentation tests. The first quantitative use of the scratch test was reported by Heavens [6] 

and Weaver [7]. Later this method became a commonly used technique in characterizing the 

adhesion and mechanical durability of thin hard films, which usually have a high adhesion 

strength [8-13]. In the scratch test, a conical diamond indenter is driven into a film sample 

until a load drop occurs, indicating delamination. The scratch test is simple, but extracting 

a quantitative adhesion value has proven to be difficult (9]. Both the testing parameters 

(loading rc;i,tes, stylus radius) and the sample parameters (film thickness and substrate hard­

ness) influence the test results. Thus, the scratch test usually provides only a comparative 

measure of interfacial strength. 

In the peel test, first used by Strong [14], an adhesive layer is bonded to the film surface 

and lifted off, potentially removing the film. In an alternative version of this test, another 

thicker layer is deposited on the thin film and the residual stress causes the layer to peel 

off the film [15]. Peel strength depends on many parameters, including film thickness and 

substrate compliance, and can involve substantial elastic-plastic deformation of the film [16}. 

The peel test is suitable only for films in which the adhesion to the substrate is weaker 

than to the adhesive layer. For cases where the adhesion is considerably higher, the pull 

test [9, 17, 18} is often used. In a pull test, a stud is attached to the film using a strong 

adhesive. The perpendicular force required to remove the stud is measured and then divided 

by the area of removed film to calculate the adhesive strength. A major limitation of the 
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mrii qbpq fp qe^q qeb j^ufjrj jb^pro^_ib pqobkdqe `^kklq bu`bba qeb j^ufjrj _lkafkd

pqobkdqe lc ^s^fi^_ib ^aebpfsbp, Gk _lqe qeb mbbi ^ka mrii qbpqp qeb mlqbkqf^i bufpqp qe^q qeb

^aebpfsb rpba fk qeb ^qq^`ejbkq mol`bpp ql qeb qefk cfij proc^`b `^k mbkbqo^qb qeb cfij ^ka

^ccb`q qeb cfij ^ka fkqboc^`b, ?klqebo qb`ekfnrb rpba clo qefk+cfij ^aebpflk jb^probjbkq

fp qeb _ifpqbo qbpq* fk tef`e ^ cfij i^vbo fp abmlpfqba lk ^ ofdfa ci^q pr_pqo^qb tfqe ^ `bkqbo

mboclo^qflk, ? mobpprofwfkd cirfa fp fkgb`qba qeolrde qeb mboclo^qflk `ob^qfkd ^ _ifpqbo ^ka

`^rpfkd ^ moldobppfsb ab_lkafkd lc qeb cfij-pr_pqo^qb fkqboc^`b ^q ^ `ofqf`^i mobpprob Y/7* 0.[,

@ifpqbo qbpqp rpr^iiv obnrfob afccf`riq p^jmib mobm^o^qflk mol`barobp, Gkabkq^qflk+fkar`ba

abi^jfk^qflk e^p ^ipl _bbk molmlpba clo jb^profkd cfij ^aebpflk Y0/* 00[* ?p fk qeb p`o^q`e

qbpq* ^ af^jlka fkabkqbo fp rpba ql fkfqf^qb ^ka molm^d^qb ^ abi^jfk^qflk* tef`e fp qebk

bu^jfkba lmqf`^iiv ^ka obi^qba ql qeb jb^proba il^a ^ka afpmi^`bjbkq, Gkabkq^qflk qbpqp ^ob

afccf`riq tebk ^mmifba ql ar`qfib lo pqolkdiv ^aebofkd cfijp _b`^rpb lc qeb mol_ibj lc fkfqf^qfkd

^ abi^jfk^qflk Y01[, Brofkd ^ii qebpb qbpqpàp`o^q`e* mbbi* mrii* _ifpqbo ^ka fkabkq^qflkàqeb

fkqboc^`b fp pr_gb`qba ql sbov efde pqobpp ibsbip ^ka `lkpbnrbkq fkeljldbkblrp abcloj^qflkp,

J^odb ^jlrkqp lc mi^pqf` abcloj^qflk `^k obpriq &bpmb`f^iiv fk qeb mbbi qbpq' ^ka aljfk^qb

qeb _be^sflo arofkd qeb qbpq Y02[, Reb pqobpp cfbiap ^ob afccf`riq ql ^k^ivwb ^ka qeb obpriqfkd

^aebpflk jb^probjbkqp qbka ql _b nr^ifq^qfsb ^ka `ljm^o^qfsb,

Bfccbobkq colj qebpb jbqelap* i^pbo+pm^ii^qflk jbqelap il^a qeb fkqboc^`b fk ^ objlqb*

klk+`lkq^`qfkd j^kkbo rpfkd i^pbo+dbkbo^qba pqobpp t^sbp, Refp qb`ekfnrb t^p cfopq fkqol+

ar`ba _v Tlppbk Y03[* tel il^aba qeb cfij rpfkd pqobpp t^sbp molar`ba _v peloq i^pbo mripbp

^p absbilmba _v Pb^av Y04[* ?kaboelij Y05[* Nbbo`v bq ^i, Y06[* W^kd Y07[ ^ka Dlu Y1.[, Refp

qb`ekfnrb fkslisbp fjmfkdfkd ^ efde+bkbodv i^pbo mripb &tfqe ^ aro^qflk lc k^klpb`lkap' colj

^ O+ptfq`eba i^pbo lkql ^ qefk ^_plo_fkd i^vbo `lkcfkba _bqtbbk ^ `lkcfkfkd mi^qb ^ka qeb

_^`h proc^`b lc qeb pr_pqo^qb, Smlk ^_plo_fkd qeb i^pbo bkbodv* qeb praabk bum^kpflk lc

qeb `lkcfkba i^vbo dbkbo^qbp ^ `ljmobppfsb pqobpp t^sb afob`qba qlt^oap qeb qbpq cfij, Reb

obcib`qflk lc qeb `ljmobppfsb t^sb m^`hbq colj qeb proc^`b lc qeb qbpq cfij dbkbo^qbp ^ qbkpfib

mripb* tef`e ib^ap ql pm^ii^qflk lc qeb qbpq cfij, W^kd Y07[ rpba ^k u+`rq nr^oqw `ovpq^i ql
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pull test is that the maximum measurable strength cannot exceed the maximum bonding 

strength of available adhesives. In both the peel and pull tests the potential exists that the 

adhesive used in the attachment process to the thin film surface can penetrate the film and 

affect the film and interface. Another technique used for thin-film adhesion measurement 

is the blister test, in which a film layer is deposited on a rigid fl.at substrate with a center 

perforation. A pressurizing fluid is injected through the perforation creating a blister and 

causing a progressive debonding of the film/substrate interface at a critical pressure [19, 20]. 

Blister tests usually require difficult sample preparation procedures. Indentation-induced 

delamination has also been proposed for measuring film adhesion [21, 22]. As in the scratch 

test, a diamond indenter is used to initiate and propagate a delamination, which is then 

examined optically and related to the measured load and displacement. Indentation tests are 

difficult when applied to ductile or strongly adhering films because of the problem of initiating 

a delamination [23]. During all these tests-scratch, peel, pull, blister and indentation-the 

interface is subjected to very high stress levels and consequent inhomogeneous deformations. 

Large amounts of plastic deformation can result ( especially in the peel test) and dominate 

the behavior during the test [24]. The stress fields are difficult to analyze and the resulting 

adhesion measurements tend to be qualitative and comparative. 

Different from these methods, laser-spallation methods load the interface in a remote, 

non-contacting manner using laser-generated stress waves. This technique was first intro­

duced by Vossen [25], who loaded the film using stress waves produced by short laser pulses 

as developed by Ready [26], Anderholm [27], Peercy et al. [28], Yang [29] and Fox [30]. This 

technique involves impinging a high-energy laser pulse ( with a duration of nanoseconds) from 

a Q-switched laser onto a thin absorbing layer confined between a confining plate and the 

back surface of the substrate. Upon absorbing the laser energy, the sudden expansion of 

the confined layer generates a compressive stress wave directed towards the test film. The 

reflection of the compressive wave packet from the surface of the test film generates a tensile 

pulse, which leads to spallation of the test film. Yang (29] used an x-cut quartz crystal to 
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jb^prob qeb pqobpp ^q qeb colkq proc^`b lc qeb pr_pqo^qb,

Ermq^ ^ka `l+tlohbop Y1/* 10[ croqebo absbilmba Tlppbk ^ka W^kdåp qb`ekfnrb ql jb^prob

qefk+cfij fkqboc^`f^i pqobkdqe, ?p fk W^kdåp tloh Y07[* qeb pqobpp fjmfkdfkd qeb fkqboc^`b t^p

jb^proba rpfkd ^ jf`ol+bib`qolkf` absf`b tfqe ^k w+`rq mfbwlbib`qof` `ovpq^i, Gk qeb i^qbo tloh

l c Ermq^ bq ^i, Y11+14[* ^ i^pbo+Blmmibo fkqbocboljbqbo t^p fkqolar`ba ql jb^prob qeb cobb+

proc^`b afpmi^`bjbkq ^ka sbil`fqv* tef`e tbob qebk obi^qba ql fkqboc^`b pqobpp, Refp qb`ekfnrb

t^p rpba ql jb^prob qeb qbkpfib pqobkdqe lc ^ tfab s^ofbqv lc jbq^i-`bo^jf` fkqboc^`bp Y11*

15[* `bo^jf`-`bo^jf` fkqboc^`bp Y12[* qeboj^i+_^oofbo `l^qfkdp Y16[* f`b-jbq^i fkqboc^`bp Y17[

^ka cf_bo-j^qofu fkqboc^`bp Y2.[, Klob ob`bkqiv* @lrpqfb bq ^i, Y2/[ rpba qeb i^pbo+pm^ii^qflk

qb`ekfnrb ql qbpq ^aebpflk lc pljb jbq^i-jbq^i cfij fkqboc^`bp tfqe cfij qef`hkbppbp lk qeb

loabo lc qbkp lc jf`oljbqbop, Gk qebfo qbpqp* rmmbo ^ka iltbo i^pbo+fkqbkpfqv qeobpeliap clo

pm^ii^qflk dbkbo^qflk tbob abqbojfkba bumbofjbkq^iiv ^ka ^ qo^`qflk o^kdb clo ab_lkafkd ^q

qeb fkqboc^`b t^p abqbojfkba krjbof`^iiv,

Gk ^ii qeb i^pbo pm^ii^qflk bumbofjbkqp obmloqba fk qeb ifqbo^qrob* lkiv kloj^i mobpprob

mripbp tbob ^mmifba ql qeb cfijp, Alkpbnrbkqiv* qeb fkqboc^`bp tbob pr_gb`qba lkiv ql qbkpfib

&jlab G' il^afkd, Gk jlpq `ljjbo`f^i ^mmif`^qflkp* eltbsbo* qefk+cfij fkqboc^`bp c^fi rkabo

jfuba+jlab `lkafqflkp Y/[, Bbpfdk lc bumbofjbkqp ql jb^prob qeb fkqboc^`b ab_lkafkd lsbo ^

o^kdb lc jlab jfufqv obibs^kq ql mo^`qf`^i mol_ibjp fp ^ pfdkfcf`^kq `e^iibkdb, Reb riqfj^qb

dl^i lc qefp obpb^o`e fp ql absbilm ^k bumbofjbkq^i qb`ekfnrb ql l_q^fk ^ o^kdb lc jfuba+

jlab fkqboc^`f^i c^firob ^ka nr^kqfq^qfsbiv `e^o^`qbofwb qeb jfuba+jlab fkqboc^`f^i ^aebpflk

pqobkdqe lc qefk cfijp,

/,0 Msbosfbt lc qeb Bfppboq^qflk

Refp afppboq^qflk fksbpqfd^qbp qeb cb^pf_fifqv lc rpfkd i^pbo+dbkbo^qba pqobpp t^sbp ql molar`b

jfuba+jlab c^firob lc qefk+cfij fkqboc^`bp ^ka ql `e^o^`qbofwb nr^kqfq^qfsbiv qeb fkqboc^`f^i

^aebpflk pqobkdqe,
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measure the stress at the front surface of the substrate. 

Gupta and co-workers [31, 32] further developed Vossen and Yang's technique to measure 

thin-film interfacial strength. As in Yang's work [29], the stress impinging the interface was 

measured using a micro-electronic device with an x-cut piezoelectric crystal. In the later work 

of Gupta et al. [33-36], a laser-Doppler interferometer was introduced to measure the free­

surface displacement and velocity, which were then related to interface stress. This technique 

was used to measure the tensile strength of a wide variety of metal/ ceramic interfaces [33, 

37], ceramic/ceramic interfaces [34], thermal-barrier coatings [38], ice/metal interfaces [39] 

and fiber/matrix interfaces [40]. More recently, Boustie et al. [41] used the laser-spallation 

technique to test adhesion of some metal/metal film interfaces with film thicknesses on the 

order of tens of micrometers. In their tests, upper and lower laser-intensity thresholds for 

spallation generation were determined experimentally and a traction range for debonding at 

the interface was determined numerically. 

In all the laser spallation experiments reported in the literature, only normal pressure 

pulses were applied to the films. Consequently, the interfaces were subjected only to tensile 

(mode I) loading. In most commercial applications, however, thin-film interfaces fail under 

mixed-mode conditions [1]. Design of experiments to measure the interface debonding over a 

range of mode mixity relevant to practical problems is a significant challenge. The ultimate 

goal of this research is to develop an experimental technique to obtain a range of mixed­

mode interfacial failure and quantitatively characterize the mixed-mode interfacial adhesion 

strength of thin films. 

1.2 Overview of the Dissertation 

This dissertation investigates the feasibility of using laser-generated stress waves to produce 

mixed-mode failure of thin-film interfaces and to characterize quantitatively the interfacial 

adhesion strength. 
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Gk Ae^mqbo 0* qeblobqf`^i ^k^ivpfp fp absbilmba ql d^fk fkpfdeqp lc qeb t^sb+dbkbo^qflk

jb`e^kfpj cliiltfkd ^ i^pbo mripb abmlpfqflk ^q qeb fkqboc^`b _bqtbbk qtl ^ag^`bkq j^qbof+

^ip* qeb pr_pbnrbkq dbljbqof` ^qqbkr^qflk arb ql cfkfqb W?E plro`b pfwb* qeb absbilmjbkq

lc ^ ab`ljmobppflk pel`h fk ^ crpba+pfif`^ pr_pqo^qb* ^ka qeb ^ppl`f^qba pel`h ^qqbkr^qflk,

Pbpriqp lc qeb qeblobqf`^i ^k^ivpfp ^ob rpba ql drfab qeb pr_pbnrbkq bumbofjbkq^i fksbpqfd^+

qflkp,

Gk Ae^mqbo 1* ^ m^o^jbqof` pqrav lk qeb qbkpfib i^pbo pm^ii^qflk t^p `^oofba lrq, Reb pm^i+

i^qflk _be^sflo lc ^irjfkrj qefk cfijp t^p fksbpqfd^qba ^p ^ crk`qflk lc pr_pqo^qb qef`hkbpp*

cfij qef`hkbpp* `lkcfkfkd i^vbo qef`hkbpp* i^pbo bkbodv* ^ka s^oflrp m^o^jbqbop dlsbokfkd qeb

plro`b, Rtl afccbobkq pr_pqo^qb j^qbof^ipàpfkdib `ovpq^i pfif`lk &/..' ^ka crpba pfif`^àtbob

pqrafba, Reb m^o^jbqof` pqrav obpriqp obsb^i fjmloq^kq abpfdk m^o^jbqbop clo fjmolsfkd qeb

qbkpfib pm^ii^qflk qbpqp ^ka absbilmfkd qeb jfuba+jlab il^afkd bumbofjbkqp,

Gk Ae^mqbo 2* qeb qbkpfib pm^ii^qflk qb`ekfnrb fp pr``bppcriiv buqbkaba ql qeb `^pb lc

jfuba+jlab il^afkd, Reb mi^k^o qbkpfib p^jmib dbljbqov fp jlafcfba ql ^ qof^kdri^o mofpj

pl qe^q ^ efde+pqo^fk+o^qb peb^o t^sb fp dbkbo^qba &_v jlab `lksbopflk ^q ^k l_ifnrb proc^`b'

^ka qebk ^iiltba ql fjmfkdb rmlk qeb qbpq cfij, @v ^iiltfkd qeb fkfqf^i ilkdfqrafk^i t^sb

ql jlab+`lksboq ql ^ peb^o t^sb ^ka ^ pb`lka^ov ilkdfqrafk^i t^sb ^q qeb l_ifnrb proc^`b*

jfuba+jlab il^afkd lc qefk cfijp fp ob^ifwba, Refk cfij c^firob m^qqbokp l_pbosba rkabo

jfuba+jlab ^ka qeb `loobpmlkafkd fkqboc^`f^i pqobkdqe jb^probjbkqp ^ob `ljm^oba tfqe

qelpb l_q^fkba colj qeb qbkpfib bumbofjbkqp,

Gk Ae^mqbo 3* `lk`irpflkp ^ob ob^`eba ^ka mlppf_ib crqrob obpb^o`e afob`qflkp ^ob afp+

`rppba,
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In Chapter 2, theoretical analysis is developed to gain insights of the wave-generation 

mechanism following a laser pulse deposition at the interface between two adjacent materi­

als, the subsequent geometric attenuation due to finite YAG source size, the development 

of a decompression shock in a fused-silica substrate, and the associated shock attenuation. 

Results of the theoretical analysis are used to guide the subsequent experimental investiga­

tions. 

In Chapter 3, a parametric study on the tensile laser spallation was carried out. The spal­

lation behavior of aluminum thin films was investigated as a function of substrate thickness, 

film thickness, confining layer thickness, laser energy, and various parameters governing the 

source. Two different substrate materials-single crystal silicon (100) and fused silica-were 

studied. The parametric study results reveal important design parameters for improving the 

tensile spallation tests and developing the mixed-mode loading experiments. 

In Chapter 4, the tensile spallation technique is successfully extended to the case of 

mixed-mode loading. The planar tensile sample geometry is modified to a triangular prism 

so that a high-strain-rate shear wave is generated (by mode conversion at an oblique surface) 

and then allowed to impinge upon the test film. By allowing the initial longitudinal wave 

to mode-convert to a shear wave and a secondary longitudinal wave at the oblique surface, 

mixed-mode loading of thin films is realized. Thin film failure patterns observed under 

mixed-mode and the corresponding interfacial strength measurements are compared with 

those obtained from the tensile experiments. 

In Chapter 5, conclusions are reached and possible future research directions are dis­

cussed. 
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Ae^mqbo 0

Reblov lc Qqobpp+Nripb Ebkbo^qflk
^ka Nolm^d^qflk

0,/ Gkqolar`qflk

Gk loabo ql ^`efbsb ^k fjmolsba rkabopq^kafkd lc qeb t^sb+dbkbo^qflk jb`e^kfpj fk qeb

i^pbo+pm^ii^qflk qb`ekfnrb ^ka ql buqbka qefp qb`ekfnrb pr``bppcriiv ql jfuba+jlab il^afkd lc

qefk cfij fkqboc^`bp* ^ ofdlolrp qeblobqf`^i ^k^ivpfp lc qeb pqobpp+t^sb dbkbo^qflk* molm^d^qflk*

^ka ^qqbkr^qflk fp `^oofba lrq,

Rebojl+bi^pqf` `^i`ri^qflkp lc qeb pqobpp mripbp dbkbo^qba _v ^ qeboj^i abmlpfqflk lc ^

W?E i^pbo mripb ^q qeb fkqboc^`b _bqtbbk qtl ^ag^`bkq jbaf^ fp molsfaba, A^i`ri^qflkp ^ob

_^pba lk lkb+afjbkpflk^i mi^kb t^sb ^pprjmqflkp, Qlirqflkp clo _lqe abiq^ mripb abmlpfqflk

^ka E^rppf^k mripb abmlpfqflk ^ob l_q^fkba, Qr_pqo^qb afpmi^`bjbkqp ^ka pr_pqo^qb ^ka

fkqboc^`b pqobpp ^ob `^i`ri^qba rpfkd t^sb+molm^d^qflk qeblov,

Gk mo^`qf`b* eltbsbo* qeb W?E i^pbo _b^j fp lc cfkfqb pfwb, Reb pqobpp t^sb tfii ^qqbkr^qb

^p fq qo^sbip qeolrde qeb pr_pqo^qb ^ka qeb mi^kb+t^sb ^pprjmqflk obj^fkp s^ifa lkiv clo ^

`boq^fk afpq^k`b, ?qqbkr^qflk ifjfqp qeb qef`hkbpp lc qeb pr_pqo^qb rpba fk qeb bumbofjbkqp,

? qeblobqf`^i ^k^ivpfp lc pqobpp t^sb ^qqbkr^qflk tfqe obpmb`q ql qeb W?E _b^j pfwb fp `^oofba

lrq ql abqbojfkb qeb mi^kb+t^sb obdfjb ^ka qeb j^ufjrj qef`hkbpp lc qeb pr_pqo^qb clo qeb

bumbofjbkqp,
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Chapter 2 

Theory of Stress-Pulse Generation 
and Propagation 

2.1 Introduction 

In order to achieve an improved understanding of the wave-generation mechanism in the 

laser-spallation technique and to extend this technique successfully to mixed-mode loading of 

thin film interfaces, a rigorous theoretical analysis of the stress-wave generation, propagation, 

and attenuation is carried out. 

Thermo-elastic calculations of the stress pulses generated by a thermal deposition of a 

YAG laser pulse at the interface between two adjacent media is provided. Calculations are 

based on one-dimensional plane wave assumptions. Solutions for both delta pulse deposition 

and Gaussian pulse deposition are obtained. Substrate displacements and substrate and 

interface stress are calculated using wave-propagation theory. 

In practice, however, the YAG laser beam is of finite size. The stress wave will attenuate 

as it travels through the substrate and the plane-wave assumption remains valid only for a 

certain distance. Attenuation limits the thickness of the substrate used in the experiments. 

A theoretical analysis of stress wave attenuation with respect to the YAG beam size is carried 

out to determine the plane-wave regime and the maximum thickness of the substrate for the 

experiments. 
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Reb riqfj^qb mromlpb lc qefp molgb`q fp ql abqbojfkb qeb fkqboc^`b pqobkdqe lc qefk+cfij

fkqboc^`bp, Rerp* prccf`fbkq pqobpp jrpq _b ob^`eba ^q qeb fkqboc^`b fk loabo ql fkfqf^qb fkqboc^`b

c^firob, Brb ql qeb obib^pfkd lc qeb pqobpp ^q qeb qbpq cfij proc^`b* qeb fkqboc^`b pqobpp fp jr`e

iltbo qe^k qeb pqobpp fk qeb pr_pqo^qb, Cccf`fbkq il^afkd lc qeb fkqboc^`b obnrfobp ^ peloq c^ii

qfjb fk qeb pr_pqo^qb pqobpp, ? mlppf_ib plirqflk ql qefp mol_ibj fp ql rpb j^qbof^ip tfqe

klkifkb^o molmboqfbp ql absbilm ^ pel`h fk qeb pr_pqo^qb, Mkb pr`e `^kafa^qb lc pr_pqo^qb

j^qbof^ip fp crpba pfif`^, Ufqe fqp rkfnrb kbd^qfsb klkifkb^o bi^pqf`fqv* crpba pfif`^ plcqbkp

rkabo jlabpq `ljmobppflk ^ka ebimp ql absbilm ^ pel`h fk qeb pr_pqo^qb ^ka bke^k`bp qeb

il^afkd ^q qeb cfij fkqboc^`b, Reb pel`h absbilmjbkq jb`e^kfpj fk crpba pfif`^ fp qelolrdeiv

pqrafba fk qeb mobpbkq tloh,

Reb qeblobqf`^i ^k^ivpfp fk qefp `e^mqbo molsfabp jb^kfkdcri fkpfdeqp fkql qeb k^qrob lc

qeb t^sb molm^d^qflk ^ka rpbcri drfabifkbp clo `ellpfkd qeb p^jmib j^qbof^i ^ka p^jmib

dbljbqofbp clo _lqe qbkpfib+jlab ^ka jfuba+jlab il^afkd bumbofjbkqp,

0,0 Rebojl+bi^pqf` A^i`ri^qflkp

0,0,/ K^qebj^qf`^i Qq^qbjbkq lc qeb Nol_ibj
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F[5Q:@

#<D$ #:D$

Dfdrob 0,/8 Q`ebj^qf` lc qeb qbkpfib i^pbo+pm^ii^qflk qb`ekfnr,

? p`ebj^qf` lc qeb qbkpfib i^pbo pm^ii^qflk bumbofjbkq rpba _lqe fk qeb ifqbo^qrob Y1/+

2.[ ^ka fk qeb fkfqf^i m^o^jbqof` pqrafbp lc qefp tloh Y20[ fp peltk fk Dfd, 0,/, Reb qefk

cfij p^jmib `lkpfpqp lc &colj ibcq ql ofdeq'8 ^ `lkcfkfkd i^vbo &AJ'* ^ qefk bkbodv ^_plo_fkd
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The ultimate purpose of this project is to determine the interface strength of thin-film 

interfaces. Thus, sufficient stress must be reached at the interface in order to initiate interface 

failure. Due to the releasing of the stress at the test film surface, the interface stress is much 

lower than the stress in the substrate. Efficient loading of the interface requires a short fall 

time in the substrate stress. A possible solution to this problem is to use materials with 

nonlinear properties to develop a shock in the substrate. One such candidate of substrate 

materials is fused silica. With its unique negative nonlinear elasticity, fused silica softens 

under modest compression and helps to develop a shock in the substrate and enhances the 

loading at the film interface. The shock development mechanism in fused silica is thoroughly 

studied in the present work. 

The theoretical analysis in this chapter provides meaningful insights into the nature of 

the wave propagation and useful guidelines for choosing the sample material and sample 

geometries for both tensile-mode and mixed-mode loading experiments. 

2.2 Thermo-elastic Calculations 

2.2.1 Mathematical Statement of the Problem 

Pulsing laser 

Nd:YAG 

Substrate 
(S) 

Test film 
(F) 

Confining layer Absorbing layer Test interface 
(CL) (AL) 

Figure 2.1: Schematic of the tensile laser-spallation techniqu. 

A schematic of the tensile laser spallation experiment used both in the literature [31-

40] and in the initial parametric studies of this work [42] is shown in Fig. 2.1. The thin 

film sample consists of (from left to right): a confining layer (CL), a thin energy absorbing 
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i^vbo &?J'* ^ pr_pqo^qb &Q' ^ka ^ qbpq cfij &D', ?k fkco^+oba* La8W?E i^pbo mripb &?;/.42

kj' tfqe ^ s^of^_ib bkbodv `lkqbkq _bqtbbk / ^ka //. jH* ^ka ^ ofpb qfjb lc loabo lc

3 kp fp fk`fabkq lk ^ jbq^iif` ^_plo_fkd i^vbo p^katf`eba _bqtbbk qeb `lkcfkfkd i^vbo ^ka

pr_pqo^qb, Reb bkbodv+^_plo_fkd i^vbo fp `elpbk ql _b jr`e qef`hbo &qvmf`^iiv .,3 $<5 qe^k

qeb `ofqf`^i mbkbqo^qflk abmqe &lk qeb loabo lc qbkp lc k^kljbqbop' lc i^pbo ifdeq ^q qefp

t^sbibkdqe, Skabo qefp `lkpfabo^qflk* fq fp ^pprjba qe^q qeb qlq^i i^pbo bkbodv fp abmlpfqba

^q qeb fkqboc^`b lc qeb `lkcfkfkd i^vbo ^ka qeb bkbodv+^_plo_fkd i^vbo, ? ilkdfqrafk^i pqobpp

t^sb lc ofpb qfjb `ljm^o^_ib ql qe^q lc qeb i^pbo mripb fp bjfqqba colj qeb jbq^iif` i^vbo,

Reb t^sb qe^q molm^d^qbp qlt^oap qeb cfij-pr_pqo^qb fkqboc^`b fp qebk obcib`qba _^`h colj

qeb cobb cfij proc^`b fkql ^ qbkpfib t^sb* tef`e qebk il^ap qeb qbpq fkqboc^`b fk qbkpflk,

Reb bppbkqf^i jb`e^kf`p _befka qeb dbkbo^qflk lc qeb `ljmobppfsb pqobpp t^sb cliiltfkd

qeb abmlpfqflk lc qeb qeboj^i bkbodv ^q ^k fkqboc^`b fp abp`of_ba fk qeb qbuqp lc ?`ebk_^`e

Y21[ ^ka Eo^cc Y22[, Gq t^p ^ipl abp`of_ba _v Ermq^ bq ^i, Y10[,

Dlo ^ peloq+aro^qflk i^pbo mripb &tfqefk ^ cbt k^klpb`lkap'* qeb qeboj^i afccrpflk afpq^k`b

&rpr^iiv ^ cbt jf`olkp' fk qeb ^_plo_fkd i^vbo fp kbdifdf_ib `ljm^oba tfqe qeb o^afrp lc qeb

i^pbo eb^qfkd pmlq &fk jfifjbqbop', Rerp qeb j^qbof^i _be^sflo fp `ljmibqbiv dlsbokba _v qeb

^jmifqrab lc qeb i^pbo bkbodv fjmfkdfkd lk fq, Nolsfaba qe^q lsbo qeb `bkqo^i mloqflk lc qeb

i^pbo _b^j qeb fk`fabkq bkbodv abkpfqv fp ci^q* ^ lkb+afjbkpflk^i mi^k^o t^sb fab^ifw^qflk

`^k _b ^almqba ^p fk qeb cliiltfkd abofs^qflkp,

Reb lkb+afjbkpflk^i eb^q+qo^kpcbo bnr^qflk fk ^ii obibs^kq jbaf^ fp bumobppba ^p

\ + @ \ + / %/ .&
^ n $ Or. Ä i '

tebob pr_p`ofmq c obcbop ql AJ* ?J* Q, Reb colkq qbpq cfij D fp qll c^o ql _b ^ccb`qba _v

qeb qeboj^i bccb`q, ?ka @ fp qeb qeboj^i afccrpfsfqv lc b^`e jbafrj* bnr^i ql e ,j? ) tebob

e fp qeb qeboj^i `lkar`qfsfqv* j fp qeb abkpfqv* ^ka ? fp qeb pmb`fcf` eb^q, Reb _lrka^ov
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layer (AL), a substrate (S) and a test film (F). An infra-red, Nd:YAG laser pulse (.X=1064 

nm) with a variable energy content between 1 and 110 mJ, and a rise time of order of 

5 ns is incident on a metallic absorbing layer sandwiched between the confining layer and 

substrate. The energy-absorbing layer is chosen to be much thicker (typically 0.5 µm) than 

the critical penetration depth ( on the order of tens of nanometers) of laser light at this 

wavelength. Under this consideration, it is assumed that the total laser energy is deposited 

at the interface of the confining layer and the energy-absorbing layer. A longitudinal stress 

wave of rise time comparable to that of the laser pulse is emitted from the metallic layer. 

The wave that propagates towards the film/substrate interface is then reflected back from 

the free film surface into a tensile wave, which then loads the test interface in tension. 

The essential mechanics behind the generation of the compressive stress wave following 

the deposition of the thermal energy at an interface is described in the texts of Achenbach 

[43] and Graff [44]. It was also described by Gupta et al. [32]. 

For a short-duration laser pulse ( within a few nanoseconds), the thermal diffusion distance 

( usually a few microns) in the absorbing layer is negligible compared with the radius of the 

laser heating spot (in milimeters). Thus the material behavior is completely governed by the 

amplitude of the laser energy impinging on it. Provided that over the central portion of the 

laser beam the incident energy density is fl.at, a one-dimensional planar wave idealization 

can be adopted as in the following derivations. 

The one-dimensional heat-transfer equation in all relevant media is expressed as 

(2.1) 

where subscript i refers to CL, AL, S. The front test film F is too far to be affected by 

the thermal effect. And D is the thermal diffusivity of each medium, equal to k / pC, where 

k is the thermal conductivity, p is the density, and C is the specific heat. The boundary 
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`lkafqflkp ^q qeb fkqboc^`b lc qeb `lkcfkfkd i^vbo ^ka qeb ^_plo_fkd i^vbo ^ob dfsbk _v

clo : : ^:%
^# a $ 6 <D T ~ * : D * &0,0'

. lqebotfpb

tebob ? nc fp qeb aro^qflk lc qeb W?E i^pbo mripb* ^ka k%n& fp qeb ^_plo_ba i^pbo cirbk`b, Reb

^ppl`f^qba lkb+afjbkpflk^i bi^pqf` t^sb bnr^qflk fp

#: & 6 ]Vc & #.: & #-9.$

tebob ? ^ka ^ob qeb J^jb jlarif* o fp qeb ilkdfqrafk^i afpmi^`bjbkq* ^ka [ fp qeb `lbccf+

`fbkq lc qeboj^i bum^kpflk lc qeb jbafrj, Reb pqobpp [ fp `^i`ri^qba colj qeb afpmi^`bjbkq

^ka qbjmbo^qrob do^afbkqp8

^o $
:o:; &? ) 0h & c Y ) &1? ) /`c&c[c=Pc+ &0,2'

?q afpq^k`bp c^o colj qeb qeboj^i abmlpfqflk obdflk* qeb i^qqbo qboj s^kfpebp,

0,0,0 ?k^ivqf`^i Qlirqflk clo Bbiq^ J^pbo Nripb Bbmlpfqflk

Cnr^qflkp &0,/+0,2' tbob plisba _v Ermq^ bq ^i, Y10[ rpfkd lkb+afjbkpflk^i cfkfqb bibjbkq

^k^ivpfp, Ufqe `ilpbo l_pbos^qflk* lkb j^v cfka qe^q qebpb bnr^qflkp `^k _b plisba ^k^ivq+

f`^iiv, Reb obpriq fp ^ `ilpba+cloj bumobppflk clo qeb pqobpp mripb ^ka afpmi^`bjbkq molm+

^d^qfkd ^t^v colj qeb abmlpfqflk wlkb, ? pvpqbj `lkpfpqfkd lc qtl gruq^mlpba fplqolmf`

qebojl+bi^pqf` e^ic+pm^`bp fp `lkpfaboba, Reb jlob `ljmif`^qba `^pb lc ^ qefk cfij _bqtbbk

qtl e^ic pm^`bp j^v _b qob^qba _v ^ pfjfi^o mol`barob, Reb ^kfplqolmf` `^pb fp ^ qofsf^i dbk+

bo^ifw^qflk pfk`b qeb dlsbokfkd bnr^qflkp tfii bppbkqf^iiv q^hb qeb p^jb cloj tfqe afccbobkq

`lbccf`fbkqp Y10[,

? i^pbo cirbk`b lc qeb cloj lc k%n& ; 9d;O%n& fp abmlpfqba ^q qeb fkqboc^`b &Dfd, 0,0' _bqtbbk
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conditions at the interface of the confining layer and the absorbing layer are given by 

{ 

k(aaT) - k(aaT) for t < 6.t1 
q( t) = :c CL :c AL , 

0 otherwise 
(2.2) 

where 6.t1 is the duration of the YAG laser pulse, and q(t) is the absorbed laser fluence. The 

associated one-dimensional elastic wave equation is 

(2.3) 

where A andµ are the Lame moduli, u is the longitudinal displacement, and a is the coeffi­

cient of thermal expansion of the medium. The stress q is calculated from the displacement 

and temperature gradients: 

(2.4) 

At distances far from the thermal deposition region, the latter term vanishes. 

2.2.2 Analytical Solution for Delta Laser Pulse Deposition 

Equations (2.1-2.4) were solved by Gupta et al. [32] using one-dimensional finite element 

analysis. With closer observation, one may find that these equations can be solved analyt­

ically. The result is a closed-form expression for the stress pulse and displacement prop­

agating away from the deposition zone. A system consisting of two juxtaposed isotropic 

thermo-elastic half-spaces is considered. The more complicated case of a thin film between 

two half spaces may be treated by a similar procedure. The anisotropic case is a trivial gen­

eralization since the governing equations will essentially take the same form with different 

coefficients [32]. 

A laser fl.uence of the form of q(t) = <t,a(t) is deposited at the interface (Fig. 2.2) between 
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two half-spaces of two different materials perfectly bonded at x = O. 

#1 
k1,C 1, pi, c1 
A.I, µ I, <X.1 

X 

#2 
k2, C2, P2, c2 
A-2, µ2, <X.2 

Figure 2.2: Schematic of two half-spaces of different materials. 

The heat transfer problem is given by Eq. (2.1) with boundary conditions 

at x = 0. The solution is obtained using Laplace transformation (see Appendix A) as 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

The associated one-dimensional elastic wave problem is given by equation (2.3) with 

boundary conditions 

(2.9) 

(2.10) 

Equations (2.9) and (2.10) are essentially the continuity conditions of displacement and 

traction at the interface. Since both the temperature gradient and the displacement gradient 
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are discontinuous across the interface, it is simpler to treat the problem with two continuous 

variables, namely material velocity and stress: 

ov 
Pi ot = 

8<J 

at = 

where i = 1 when x < 0, i = 2 when x > 0, and boundary conditions at x = 0 are 

(2.11) 

(2.12) 

(2.13) 

(2.14) 

As the symbolic derivation is long and tedious (see Appendix A), only the final result is 

given here: 

u(x, t) 

(2.15) 

u(x,t) 

(2.16) 
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where 

K1 
</>0:1 ( 3A + 2µ h p2C2 = 2'1rr( .Jk1p1 C1 + v'k2p2C2) ' P1C1 + P2C2 

K2 = <t>o:2(3-X + 2µ h 
(2.17) 

4y'7r( .Jk1p1 C1 + \!k2p2C2)' 

l<3 = <1>0:2(3-X + 2µ h P1C1 - P2C2 
4y'7r( .Jk1 Pl C 1 + v'k2p2 C2) P1C1 + P2C2 

In Eqs. (2.15) and (2.16), the first term is a wave that is launched by the temperature 

gradient in the region x < 0 that propagates to the detector at x » 0. The second term is 

a wave launched from the region x > 0 that propagates directly to the detector at x » 0. 

And the third term is a wave that is launched from the region x > 0 but propagates back 

towards the interface, then reflects and goes to the detector at x » 0. 

By the change of variables, X = C2t + z, ta = e, and z' = zc2/ D2, e = ec~/ D2, where 

e' is a nondimensional time at which a wave was launched to later arrive at the detector at 

position x and time t, the stress can be expressed using the nondimensionalized integrals as 

o-(z') 

(2.18) 
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Figure 2.3: Displacement in the aluminum portion (x > 0) of a glass/aluminum sample due 
to the delta laser pulse deposition for a laser fl.uence </> =l J/m2. 

and the displacement is 

u(z') 

(2.20) 

with I<1, K2 and K3 as described in equation (2.17). These nondimensionalized integrals are 

easier to evaluate numerically. Figure 2.3 shows the displacement in the aluminum portion 

(x > 0) of a glass (material #!)/aluminum (material#2) sample following a delta pulse 

deposition at the two-material interface with</>= l J/m2• The material properties for glass 

and aluminum together with those of silicon and fused silica are summarized in Table 2.1. 

The displacement generated in the aluminum resembles a Heaviside function. After the 

laser pulse is completely deposited at the interface, the displacement remains at a constant 

value. 
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Table 2.1: Material properties. 
Material II Glass [31] I Aluminum [31] I Fused silica• I Silicon [31} I 

p (g/cm3
) 2.5 2.71 2.2 2.3 

C(J/kg • K) 750 896 670 729 
k(J/ms • K) 1.4 204 1.4 138 

A (GPa) 23.3 58.5 15.9 62.0 
µ (GPa) 29.6 26.0 30.8 41.0 
c(m/s) 5378 6385 5940** 7910 
a(K-1) 5.0 X 10-6 8.4 X 10-6 5.5 X 10-6 7.6 X 10-6 

* from manufacturer 
** measured in the Laboratory for Incoherent Ultrasound at UIU C 

2.2.3 Asymptotic Solution for Delta Laser Pulse Deposition 

The asymptotic solution for slow illumination is also derived. It is justified by recognizing 

that .6.t1 ~ c2 / D. 

The Fourier transformation w.r.t. time of heat-transfer equation (2.1) yields 

The solution of Eq. (2.21) can be written in the form 

with boundary conditions (2.5)and (2.6) to yield 

(2.21) 

(2.22) 

(2.23) 

(2.24) 

Combination of Eqs. (2.22)-(2.24) provides the solution of temperature in the frequency 
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domain as 

(2.25) 

The solution for the displacement and stress is obtained from the wave equation (2.11) 

and (2.12) and using Fourier transformation w.r.t. time 

piwV = <1,x, 

iwu = (A+ 2µ)V,x - (3.\ + 2µ)a(iw)T. 

Solving for V from (2.26) in terms of u and substituting into (2.27), one obtains 

A w2 
A (3.\ + 2µ)aw2

TA _ 
0 O',xx + 20' + 2 - • 

C C 

(2.26) 

(2.27) 

(2.28) 

The coefficients in (2.28) take different values of material 1 and 2 respectively for x < 0 and 

x > 0. The solution to Eq. (2.28) can be expressed in the form 

(2.29) 

where ug and u,, are the general and particular solutions of Eq. (2.28), respectively. The 

particular solution is assumed to have the form 

A { f1(w)eflix for x ~ 0 
(J' -

P - h(w)e-~x for x > 0 
(2.30) 
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Substitution of Eqs. (2.30) and (2.25) into (2.28) gives 

(3). + 2µ h 0:14' 0w 
vk1p1 C1 + Jk2p2C2 • iw - .5..' 

D1 

(2.31) 

h(w) = 
(3). + 2µ)20:24' 0w 

vk1p1 C1 + Jk2p2C2 iw - .1.. 
D2 

(2.32) 

The general solution of Eq. (2.28) takes the form 

(2.33) 

Thus, the stress in the frequency domain is 

A { A(w)e~x + f1(w)e~x for x $ 0 
u(x,w) = . ~ 

B(w)e~x + h(w)eY Dix for x > 0 
(2.34) 

Continuity conditions of stress and velocity at the interface (2.13) and (2.14) leads to 

ulx=O- = ulx=O+, 

O' XI u,xl _, x=O- = - :r:=O+• 
p p 

Substitution of (2.34) into (2.35) and (2.36) yields 
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and 

The solution in the right half space (x 2: 0) is of particular interest because the signal 

will be picked up at x > 0. From the stress-displacement relation 

(2.37) 

one obtains the Fourier-transformed displacement as 

A 1 O' 
u=--·-

p2c2 iw. 
(2.38) 

Substitution of (2.34) into (2.38) and taking the limit w « c2 / D yield 

(2.39) 

where 

Ai = ¢ [ (3.,\ + 2µ h a1 yLh + (3.,\ + 2µ )2a2JD; . p1 c1] 
(p1c1 + p2c2)( Jk1p1C1 + Jk2p2C2) c1 C2 p2c2 

A _ </> [ (3..\ + 2µ)ia1D1 (3.,\ + 2µ)2a2D2] (2.40) 
2 

- (p1c1 + p2c2)( Jk1p1C1 + Jk2p2C2) - c~ + c~ 

A
3 
= (3..\ + 2µ )2a2D2¢ 

(P24)( Jk1p1 C1 + Jk2p2C2) 

In Eq. (2.39), the third term is exponentially small at large x (much larger than milime­

ters) and is unimportant. For small w (w « c2 / D), the second term is also much smaller 

than the first term. Thus only the first term counts for the late-time response for x > 0. By 
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taking the inverse Fourier transformation, the asymptotic solution of displacement for large 

x is obtained: 

(2.41) 

which is indeed a Heaviside function. According to the material properties of glass and alu­

minum provided in Table 2.1, for¢= 1 J/m2, A1 = 2.67 x 10-12 mis calculated. This value 

is exactly the same as the constant value observed in Fig. 2.3. Thus the analytical solution 

in Section 2.2.2 is verified. Substitution of (2.41) back into (2.37) yields the asymptotic 

solution for stress, 

(2.42) 

which is a delta function. 

2.2.4 Practical Solution for Gaussian Pulse Deposition 

In the above derivations, it is assumed that a laser energy of the form q(t) = ¢8(t) is deposited 

at the interface of the two semi-infinite materials perfectly bonded at x = 0. However, the 

actual laser pulse is not a perfect delta function. As shown in Fig. 2.4, the actual laser 

pulse of energy 110 mJ is deposited within a period of 6-8 ns and is fitted to a Gaussian 

distribution 

(2.43) 

(2.44) 

where qmax = 18.9 mJ /ns and T = 4.1 ns. 
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Figure 2.4: Nd:YAG laser pulse provided by manufacturer. 

The actual late-time response in the detector is the convolution of the real energy distri­

bution and the previous asymptotic solution, i.e., 

Uactual = Uasymptotic(t) * q(t), 

actual ( ) aua.ctua.l ( ) A ( ) 
q = - pc sub ot = - pc sub 1 q t • 

(2.45) 

(2.46) 

Thus, one concludes that the stress pulse propagating away from the interface is a copy of 

and is proportional to the impinging laser fluence q(t). 

For a laser fluence of 110 mJ/mm2 (full YAG laser energy deposited on a 1 mm2 area), 

the displacement and stress in the substrate are predicted for the case of a glass (material 

#!)/aluminum (material #2) sample and plotted in Figs. 2.5 and 2.6, respectively. Under 

this laser fluence, the maximum displacement is around 195 nm and the maximum compres­

sive stress is about 0.85 GPa. The amplitude of the displacement and stress strongly depends 

on the material properties of the two media. The shape of the stress pulse is determined by 

that of the deposited laser pulse. 
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Figure 2.5: Predicted displacement in the aluminum portion (x > 0) of the glass/aluminum 
sample far from the laser deposition region for laser fl.uence of 110 mJ /mm2. 
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Figure 2.6: Predicted stress in the aluminum portion (x > 0) of the glass/aluminum sample 
far from the laser deposition region for laser fluence of 110 mJ /mm2• 
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pm^`b pbosbp ^p qeb pr_pqo^qb fk qeb i^pbo pm^ii^qflk bumbofjbkq tfqe ^ qefk cfij lc qef`hkbpp

b abmlpfqba ^q qeb c^o ofdeq bka lc qeb pr_pqo^qb, Reb pqobpp ^q qeb cfij fkqboc^`b `^k _b

jr`e ibpp qe^k qeb pqobpp ^`qfkd fk qeb pr_pqo^qb _b`^rpb qeb kb^o_v cobb proc^`b obib^pbp

pljb lc qeb pqobpp, Reb obi^qflk fp `^i`ri^qba rpfkd bi^pqf` t^sb qo^kpjfppflk ^ka obcib`qflk

`lbccf`fbkqp &?mmbkafu @', Fbob ^ pfjmibo `^i`ri^qflk fp ^almqba* tef`e fp s^ifa lkiv clo

pj^ii cfij qef`hkbpp b) qe^q qeb pqobpp fp jb qfjbp qeb ^``bibo^qflk l c qeb cobb proc^`b, Gq fp

^ipl ob`ldkfwba qe^q qeb afpmi^`bjbkq ^q qeb cobb proc^`b fp qtf`b qe^q lc qeb t^sb fk qeb

pr_pqo^qb, Rerp qeb pqobpp ^q qeb cfij fkqboc^`b `^k _b bumobppba fk qeb cloj
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Cnr^qflk &0,25' fp bnrfs^ibkq ql Lbtqlkåp pb`lka i^tàqeb fkqboc^`b pqobpp fp qeb j^pp

abkpfqv lc qeb cfij qfjbp qeb lrqt^oa ^``bibo^qflk lc qeb `bkqbo lc j^pp lc qeb cfij, Refp fp qeb

`^pb obd^oaibpp lc qeb `e^o^`qbo lc qeb molm^d^qflk, Re^q qeb jb^proba proc^`b afpmi^`bjbkq

fp ^ dlla ^mmolufj^qflk ql qeb `bkqbo lc j^pp afpmi^`bjbkq cliiltp colj qeb hkltk t^sb

pmbbap fk qeb cfij* qeb qef`hkbpp lc qeb cfij* ^ka qeb jb^proba qfjb p`^ibp fk qeb t^sb,

Dlo ^ , jg ^irjfkrj cfij abmlpfqba ^q qeb ofdeq bka lc qeb di^pp &j^qbof^i ! / '-^irjfjrj

&j^qbof^i ! 0 ' p^jmib* tfqe ^ i^pbo cirbk`b lc //. jH-jj - &crii W?E i^pbo bkbodv abmlpfqba

lk ^ / jj - ^ob^'* qeb fkqboc^`b pqobpp fp `^i`ri^qba ^ka milqqba fk Dfd, 0,5, Reb j^ufjrj

pqobpp ^q qeb fkqboc^`b fp ^_lrq /0. KN^,
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Thi-Film Interface Stress 

Previous solutions are based on the assumption of two semi-infinite media perfectly bonded 

at x = O, with a laser pulse deposition at the interface. For the current analysis, the right half 

space serves as the substrate in the laser spallation experiment with a thin film of thickness 

h deposited at the far right end of the substrate. The stress at the film interface can be 

much less than the stress acting in the substrate because the nearby free surface releases 

some of the stress. The relation is calculated using elastic wave transmission and reflection 

coefficients (Appendix B). Here a simpler calculation is adopted, which is valid only for 

small film thickness h, that the stress is ph times the acceleration of the free surface. It is 

also recognized that the displacement at the free surface is twice that of the wave in the 

substrate. Thus the stress at the film interface can be expressed in the form 

82uactual 

O'int = -2(ph )film f)t2 • (2.47) 

Equation (2.47) is equivalent to Newton's second law-the interface stress is the mass 

density of the film times the outward acceleration of the center of mass of the film. This is the 

case regardless of the character of the propagation. That the measured surface displacement 

is a good approximation to the center of mass displacement follows from the known wave 

speeds in the film, the thickness of the film, and the measured time scales in the wave. 

For a 1 µm aluminum film deposited at the right end of the glass (material #1)/alumimum 

(material #2) sample, with a laser fluence of 110 mJ/mm2 (full YAG laser energy deposited 

on a 1 mm2 area), the interface stress is calculated and plotted in Fig. 2.7. The maximum 

stress at the interface is about 120 MPa. 
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qeb ^`qr^i bumbofjbkq* eltbsbo* dbljbqof` ^qqbkr^qflk lc qeb pqobpp t^sb l``rop arb ql qeb

ilkd qo^sbi afpq^k`b ^ka qeb cfkfqb i^pbo _b^j pfwb, Gkqofkpf` ^qqbkr^qflk fp hkltk ql _b tb^h

fk pr`e j^qbof^ip ^p pfif`lk ^ka crpba pfif`^ Y23[,

?cqbo qeb fkfqf^i obmloqp _v Ermq^ bq ^i, Y10[* qeb fpprb lc dbljbqof` ^qqbkr^qflk* ^ka
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`^i`ri^qflkp fk qeb obmloq _v Jbs ^ka ?odlk Y25[ fk tef`e fq t^p `lk`iraba qe^q qeb colkq

obj^fkp bppbkqf^iiv mi^k^o clo ^ afpq^k`b `ljm^o^_ib ql qtl lo qeobb qfjbp qeb o^afrp lc qeb

i^pbo pmlq, Refp `lk`irpflk t^p _^pba lk krjbof`^i l_pbos^qflkp lc afjfkfpeba mb^h pqobpp

^jmifqrab ^q pr`e afpq^k`bp, Refp `lkpbos^qfsb bpqfj^qb j^v _b `ljm^oba tfqe qeb pq^ka^oa

^`lrpqf`f^kåp orib* qe^q qeb kb^o cfbia lc ^ mi^k^o ^`lrpqf` plro`b lc af^jbqbo @ buqbkap ^

afpq^k`b lc gB- -2?b Y27[, Csbk fc lkb q^hbp qeb riqo^plkf` bi^pqf` t^sbibkdqe T_ ql _b ^p i^odb

^p 4. grjà`loobpmlkafkd ql qeb ibkdqe lc qeb ilkdfqrafk^i afpqro_^k`b dbkbo^qba _v ^ , + kp
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Figure 2. 7: Predicted stress at the interface of a 1 µm thick aluminum film deposited at the 
right end (x ~ 0) of glass/aluminum sample for laser fluence of 110 mJ/mm2. 

2.3 Stress-Wave Attenuation 

The calculations in Section 2.2 are based on the one-dimensional plane wave assumption. In 

the actual experiment, however, geometric attenuation of the stress wave occurs due to the 

long travel distance and the finite laser beam size. Intrinsic attenuation is known to be weak 

in such materials as silicon and fused silica [45]. 

After the initial reports by Gupta et al. [32], the issue of geometric attenuation, and 

the related transition of the initial planar wave front to a spherical wave, were extensively 

discussed in the literature [46-48]. The issue appears to have been settled by numerical 

calculations in the report by Lev and Argon [47] in which it was concluded that the front 

remains essentially planar for a distance comparable to two or three times the radius of the 

laser spot. This conclusion was based on numerical observations of diminished peak stress 

amplitude at such distances. This conservative estimate may be compared with the standard 

acoustician's rule, that the near field of a planar acoustic source of diameter D extends a 

distance of D2 /4)..e [49]. Even if one takes the ultrasonic elastic wavelength -Ae to be as large 

as 60 µm-corresponding to the length of the longitudinal disturbance generated by a 10 ns 
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laser pulse- a 1 mm diameter spot will generate a wave that remains approximately plane 

over a distance of 4 mm. For this reason, only modest losses due to geometric attenuation 

for substrates less than 4 mm is anticipated. In the present section, geometric attenuation 

is analyzed by considering a circular source region of diameter D as shown in Fig. 2.8. 

D/2 

..t----+---r---s(r,D) 

Figure 2.8: Stress generated by a finite-sized pancake YAG laser source. 

Results in Section 2.2.4 indicate that the stress pulse in the source region generated by 

the current YAG laser has the same profile as the laser pulse and can be expressed using the 

Gaussian distribution 

( 
2t

2
) u(t) = O'maxexp - T2 

(2.48) 

where O'max is the maximum compressive stress generated at the source region and T = 4.1 ns 

is the half bandwidth of the Gaussian laser pulse. Thus, by Huygen's principle, the stress 

in an isotropic linear medium on axis at distance r from the source can be approximated by 

an integral over the entire source region as 

A 121r 1D/2 1 [ 2(t _ !.Jr2 + x2)2] 
u(r,t;D)= D2 -;::::;;:::=::;:exp c T2 xdxd8. 

o o vr2 + x2 
(2.49) 

The stress at the test film interface is proportional to the time derivative of (2.49) 

B 121r 1D/2 t - ¼Jr2 + x2 [ 2(t - ¼Jr2 + x2)2] 
u(r, t; D)int = D2 --;::::;::==:;:--- exp T2 xdxd8, 

o o Jr2 + x2 
(2.50) 
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pqobpp _bdfkp ql ^qqbkr^qb ^cqbo 1,3 jj, Reb j^ufjrj pr_pqo^qb pqobpp ^qqbkr^qbp c^pqbo

qe^k qeb j^ufjrj fkqboc^`b pqobpp, @^pba lk qebpb ^k^ivpbp* qeb mobsflrp lkb+afjbkpflk^i

qebojl+bi^pqf` ^k^ivpfp fp pbbk ql _b s^ifa clo pr_pqo^qb qef`hkbppbp rm ql 1,3 jj,

0,2 Qel`h Bbsbilmjbkq fk Drpba Qfif`^

Rebojl+bi^pqf` `^i`ri^qflkp fk Qb`qflk 0,0 obsb^iba qe^q qeb `ljmobppfsb pqobpp mripb fp ^

`lmv lc* ^ka molmloqflk^i ql* qeb abmlpfqba i^pbo mripb ^q qeb fkqboc^`b &Cn, 0,24', Reb

^jmifqrab lc qe^q pqobpp fp abqbojfkba _v qeb j^qbof^i molmboqfbp lc qeb qtl ^ag^`bkq jbaf^,

Gk j^kv `^pbp* qeb mripbp qe^q ^ob dbkbo^qba e^sb `ljmobppfsb pqobpp ^jmifqrabp lc qeb

loabo lc dfd^+m^p`^ip* `loobpmlkafkd ql pqo^fkp bĵ u lc qeb loabo lc /#, Qr`e ^ mripb `^k

_b bumb`qba ql bslisb ^ tb^h pel`h fk qfjbp molmloqflk^i ql qeb qfjb p`^ibp lc qeb i^pbo
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where A and B are constants. These integrals can be evaluated analytically, 

(2.51) 

and 

(2.52) 

The relative maximum stress in the substrate and at the interface are evaluated for 

different source sizes D at different distances r and plotted in Figs. 2.9 and 2.10. The plots 

show that at fixed pulse laser energy, both the maximum substrate and interface stress 

decrease with increasing source diameter. For the same source diameter, greater attenuation 

occurs at longer distances. For a 1 mm diameter laser source, the maximum substrate stress 

begins to attenuate ( quantified by a 10% drop) after about 2 mm and the maximum interface 

stress begins to attenuate after 3.5 mm. The maximum substrate stress attenuates faster 

than the maximum interface stress. Based on these analyses, the previous one-dimensional 

thermo-elastic analysis is seen to be valid for substrate thicknesses up to 3.5 mm. 

2.4 Shock Development in Fused Silica 

Thermo-elastic calculations in Section 2.2 revealed that the compressive stress pulse is a 

copy of, and proportional to, the deposited laser pulse at the interface (Eq. 2.46). The 

amplitude of that stress is determined by the material properties of the two adjacent media. 

In many cases, the pulses that are generated have compressive stress amplitudes of the 

order of giga-pascals, corresponding to strains €max of the order of 1 %. Such a pulse can 

be expected to evolve a weak shock in times proportional to the time scales of the laser 
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Figure 2.9: Attenuation of maximum substrate stress w.r.t. distance r and source diameter 
D. Data were normalized by the maximum stress for D = l mm at r = 0. 
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Figure 2.10: Attenuation of maximum interface stress w.r.t. distance rand source diameter 
D. Data were normalized by the maximum stress for D = 1 mm at r = 0. 
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mripb ^ka fksbopbiv molmloqflk^i ql bj^u+ Reb dbkbo^qflk lc ^ pel`h ^ka fk m^oqf`ri^o qeb

mob`fpb qfj b ^ka afpq^k`b ^ipl abmbka lk qeb klkifkb^o m^o^jbqbop lc qeb jbafrj ^ka lk

qeb `ljmbqfkd bccb`qp lc ^_plomqflk ^ka ^qqbkr^qflk, @b`^rpb qeb qbpq cfij fkqboc^`b fp il^aba

_v qeb afccbobk`b _bqtbbk qeb pqobpp ^q lkb qfjb ^ka qeb pqobpp ^q ^ qfjb - -f-` b^oifbo &arb

ql obcib`qflk colj qeb cobb proc^`b'* qeb absbilmjbkq lc ^ pel`h tfqe ^k buqobjbiv o^mfa ofpb

&lo c^ii' qfjb tfii pfdkfcf`^kqiv ^ccb`q qe^q il^a, Reb 2,/ kp ofpb qfjb mripb dbkbo^qba _v qeb

i^pbo fp fkbccf`fbkq clo qeb mromlpb lc pm^iifkd ^ lkb jf`olk cfij, Dlo pr`e ^ cfij* qeb fkqboc^`b

il^a fp obi^qba ql qeb mripbåp pqobpp `e^kdb lsbo ^ qfjb afccbobk`b lc .,11 kp &.,44 kp clo peb^o

t^sbp', Reb pqobpp afccbobk`b lk qeb fkqboc^`b fp qebobclob pr_pq^kqf^iiv ibpp qe^k qeb mb^h

pqobpp absbilmba fk ^ 2,/ kp mripb, Gc ^ pel`h absbilmp tfqe ^ pr_+k^klpb`lka ofpb &lo c^ii'

qfjb* eltbsbo* qeb mb^h pqobpp lk qeb fkqboc^`b `^k _b bnr^i ql qeb mb^h pqobpp fk qeb mripb,

Rebobclob* j^qbof^ip tfqe klkifkb^o molmboqfbp qe^q bke^k`b pel`h absbilmjbkq ^ob abpfo^_ib

clo pqravfkd qeb fkqboc^`b molmboqfbp rpfkd qeb i^pbo pm^ii^qflk qb`ekfnrb,

@b`^rpb crpba pfif`^ e^p qeb rkrpr^i molmboqv lc plcqbkfkd rkabo jlabpq `ljmobppflk*

qeb absbilmjbkq lc tb^h pel`hp fk crpba pfif`^ e^p ob`bfsba `lkpfabo^_ib ^qqbkqflk fk qeb

ifqbo^qrob, Reb _^pf` `e^o^`qbofpqf`p lc `ljmobppfsb t^sb pe^mbp fk crpba pfif`^* fk`irafkd ^

o^jm+t^sb colkq rm ql { 2 EN^ &2. h_^o' t^p cfopq obmloqba _v U^`hboib Y3.[, Fb `lk`iraba

qe^q crpba pfif`^ _be^sbp ^p ^ klkifkb^o bi^pqf` plifa rm ql qeb me^pb `e^kdb ^q 7,6 EN^, J^qbo*

@^ohbo ^ka Fliibk_^`e Y3/[ abjlkpqo^qba qeb bufpqbk`b lc o^obc^`qflk pel`hp fk crpba pfif`^

&^p lmmlpba ql qeb jlob `ljjlk `ljmobppflk pel`hp clrka fk lqebo j^qbof^ip', Rebv obcfkba

U^`hboibåp `ljmobppfsb t^sb a^q^ fk qeb ilt+pqobpp obdflk ^ka `lkcfojba U^`hboibåp ^ppboqflk

lc bi^pqf`fqv _v abqbojfkfkd qe^q qeb obib^pb pqobpp+pqo^fk m^qe cliiltba fk ^ o^obc^`qflk t^sb

`lfk`faba tfqe qeb `ljmobppfsb pqobppàpqo^fk m^qe* tef`e abqbojfkbp qeb `ljmobppfsb t^sb

pe^mb, @^ohbo ^ka Fliibk_^`e Y3/[ ^ipl cfqqba qeb `ljmobppfsb t^sb a^q^ fkql ^ clroqe+loabo

pqobpp+pqo^fk obi^qflk
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pulse and inversely proportional to fmax• The generation of a shock and in particular the 

precise time and distance also depend on the nonlinear parameters of the medium and on 

the competing effects of absorption and attenuation. Because the test film interface is loaded 

by the difference between the stress at one time and the stress at a time 2h/c earlier (due 

to reflection from the free surface), the development of a shock with an extremely rapid rise 

(or fall) time will significantly affect that load. The 4.1 ns rise time pulse generated by the 

laser is inefficient for the purpose of spalling a one micron film. For such a film, the interface 

load is related to the pulse's stress change over a time difference of 0.33 ns (0.66 ns for shear 

waves). The stress difference on the interface is therefore substantially less than the peak 

stress developed in a 4.1 ns pulse. If a shock develops with a sub-nanosecond rise (or fall) 

time, however, the peak stress on the interface can be equal to the peak stress in the pulse. 

Therefore, materials with nonlinear properties that enhance shock development are desirable 

for studying the interface properties using the laser spallation technique. 

Because fused silica has the unusual property of softening under modest compression, 

the development of weak shocks in fused silica has received considerable attention in the 

literature. The basic characteristics of compressive wave shapes in fused silica, including a 

ramp-wave front up to ~4 GPa (40 kbar) was first reported by Wackerle [50]. He concluded 

that fused silica behaves as a nonlinear elastic solid up to the phase change at 9.8 GPa. Later, 

Barker and Hollenbach [51] demonstrated the existence of rarefaction shocks in fused silica 

(as opposed to the more common compression shocks found in other materials). They refined 

Wackerle's compressive wave data in the low-stress region and confirmed Wackerle's assertion 

of elasticity by determining that the release stress-strain path followed in a rarefaction wave 

coincided with the compressive stress-strain path, which determines the compressive wave 

shape. Barker and Hollenbach [51] also fitted the compressive wave data into a fourth-order 

stress-strain relation 
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_l : [_ ( %0_/ ( d _ 0 ) }b2* &0,31'

tebob ]l fp qeb pqobpp fk EN^* ^ ; 55,4 EN^* -= ; à2/3,7 EN^* 2 ; 1.12,. EN^ ^ka

A ; à4704,. EN^, Cnr^qflk &0,31' fp s^ifa clo pqobppbp rm ql qeb me^pb qo^kpfqflk ^q ^_lrq

7,6 EN^, Reb pqobpp+pqo^fk obi^qflk fk Cn, &0,31' fp milqqba fk Dfd, 0,//^ clo pqobppbp rm ql

7,6 EN^, @v q^hfkd qeb abofs^qfsb lc Cn, &0,31' tfqe obpmb`q ql b* lkb l_q^fkp qeb obi^qflk

_bqtbbk qeb q^kdbkq jlarirp ^ka pqobpp &lo pqo^fk'* tef`e fp milqqba fk Dfd, 0,//_, Skabo

`ljmobppfsb pqobpp _bilt 2 EN^ &`loobpmlkafkd ql ^ pqo^fk lc 4,3#'* qeb q^kdbkq jlarirp

ab`ob^pbp lo âplcqbkpä tfqe fk`ob^pfkd pqobpp, Dlo pqobppbp ^_lsb 2 EN^* qeb q^kdbkq jlarirp

fk`ob^pbp & âe^oabkpä' tfqe fk`ob^pfkd pqobpp, Gk qeb ilt pqobpp obdflk* crpba pfif`^ e^p qeb

mlqbkqf^i clo absbilmfkd ^ pel`h,

Qq^ka^oat^sb+molm^d^qflk qeblov fk klkifkb^o bi^pqf` plifap Y21[ fprpba ql^k^ivwb qeb

pel`h absbilmjbkq mol_ibj fkcrpba pfif`^, Dfopq* qeb t^sb jlqflk fp`lkpfaboba fk qeb

obcbobk`b co^jb &V * n&+ Reb j^qbof^i sbil`fqv ^ka pqobpp ^ob bumobppba ^p p %T ) n&) ^ka ]l%T) n&+

Reb dlsbokfkd bnr^qflkp ^ob

^p ^#
NM+OR ; +VR9 &_^i^k`b lc jljbkqrj' * &0+32'

Kn oFr

&`lkpbos^qflk lc j^qbof^i' , &0,33'

?pprjfkd ^ `lkpqfqrqfsb obi^qflk lc qeb cloj

ò ; :o&b'* &- ,01'
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(2.53) 

where u is the stress in GPa, a = 77.6 GPa, /3 = -415.9 GPa, "'f = 3034.0 GPa and 

C = -6926.0 GPa. Equation (2.53) is valid for stresses up to the phase transition at about 

9.8 GPa. The stress-strain relation in Eq. (2.53) is plotted in Fig. 2.lla for stresses up to 

9.8 GPa. By taking the derivative of Eq. (2.53) with respect to €, one obtains the relation 

between the tangent modulus and stress (or strain), which is plotted in Fig. 2.llb. Under 

compressive stress below 4 GPa (corresponding to a strain of 6.5%), the tangent modulus 

decreases or "softens" with increasing stress. For stresses above 4 GPa, the tangent modulus 

increases ("hardens") with increasing stress. In the low stress region, fused silica has the 

potential for developing a shock. 

Standard wave-propagation theory in nonlinear elastic solids [43] is used to analyze the 

shock development problem in fused silica. First, the wave motion is considered in the 

reference frame (X, t). The material velocity and stress are expressed as v(X, t), and u(X, t). 

The governing equations are 

8v au 
p0 ot = {)X (balance of momentum) , 

0€ av 
ot = oX ( conservation of material) . 

Assuming a constitutive relation of the form 

u = u(€), 
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Figure 2.11: Nonlinear elastic properties of fused silica: (a) stress-strain relation; (b) tangent 
modulus as a function of stress. 
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^ka qe^q p fp ^ pfkdib s^irba crk`qflk lc ò* lkb j^v tofqb

^p ] ^p ^[ ^p ^ p ^[
^ n : bw^ n$ ^ T : ^ Y ^ T

#-)02$

^ka Cnp, &0,32' ^ka &0,33' _b`ljb

^p ^[ ^[
å^ [ w ^ n w ^ T

^_ ^[ ^p ^[
Li^ [ ^ n ^ T | å \ *36\

; ., &0,37'
^[ ^n ^ [ ^ T

Qlisfkd bnr^qflkp &0,36' ^ka &0,37' ib^ap ql

- ^ p W / ^_

# ,

Dlo ^ dfsbk crk`qflk lc [%_&) ^ _ , ^ [ fp cfuba crk`qflk lc ò9 qerp Cn, &0,4.' e^p qtl plirqflkp

clo p : p%[& + Mk`b qeb ollq fp `elpbk* ^ pmbba lc molm^d^qflk lc `e^o^`qbofpqf`p `^k _b

fabkqfcfba &colj 0,36'

Z # 7 k $ 8 ( k ( ; ( a ` 8 ; > i ) &0,4/'

a \ % J S S% : á \

Reb qfj b fq q^hbp qeb pqobpp t^sb ql molm^d^qb qeolrde ^ afpq^k`b H fp dfsbk _v

q &0,40'
] % l & ` U

Dlo ^ crpba pfif`^ pr_pqo^qb tfqe qeb pqobpp+pqo^fk obi^qflk molsfaba _v @^ohbo ^ka Fliibk_^`e
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and that v is a single valued function of u, one may write 

8v 8v ou 
8t = OU at' 

and Eqs. (2.54) and (2.55) become 

8v av OU 
8X = 8uoX 

8v 8u 8a 
Po----=0 

OU 8t f)X ' 
0€ OU av oa _ O 
8a ot - 8a f)X - • 

Solving equations (2.58) and (2.59) leads to 

Po({}v)2 = fJE. 
{}u fJu 

(2.57) 

(2.58) 

(2.59) 

(2.60) 

For a given function of u(E), OE/oa is fixed function of u; thus Eq. (2.60) has two solutions 

for v = v(u). Once the root is chosen, a speed of propagation of characteristics can be 

identified (from 2.58) 

(2.61) 

The time it takes the stress wave to propagate through a distance L is given by 

(2.62) 

For a fused silica substrate with the stress-strain relation provided by Barker and Hollenbach 
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Y3/[ &Cnp, 0,4/* 0,40'* qeb pmbba lc qeb molm^d^qflk lc `e^o^`qbofpqf`p fp

`&r' ; ^d à&^ ) /%0_& &-ka+loabo ^mmolufj^qflk'
T Li

; f * } #, ) + \ + ' &ipq+loabo ^mmolufj^qflk'
T Li [ /

( ) {o' &A,) X$,*-t ,) -̂0'

; ?'&i ) \ ' &0,41'

tebob Al ; s ,[ ,ji `lfk`fabp tfqe qeb ilt+^jmifqrab afi^q^qflk^i plrka sbil`fqv fk crpba

pfif`^* 3,717/ gg,jm_] + Reb qfjb-qo^sbi+afpq^k`b o^qfl fp dfsbk _v

R ; \ + ~ < + :0%42<

Cnr^qflkp &0,41' ^ka &0,42' obsb^i qe^q fk qeb ilt pqobpp obdflk* qeb pmbba lc qeb pqobpp

t^sb ^p tbii ^p qeb qfjb-qo^sbi+afpq^k`b o^qfl ^ob ifkb^o crk`qflkp lc qeb `ljmobppfsb pqobpp,

Ffdebo ^jmifqrab pqobpp e^p ^ iltbo qo^sbi pmbba* ^ka qerp efdebo qfjb-qo^sbi+afpq^k`b s^irb*

f,b,* qeb efdebo ^jmifqrab `ljmobppfsb pqobpp qo^sbip piltbo, Gk qeb ^`qr^i i^pbo pm^ii^qflk

bumbofjbkqp* qeb pqobpp mripb dbkbo^qba ^q qeb ^_plo_fkd i^vbo fkqboc^`b fp ^ `ljmobppfsb

E^rppf^k pqobpp mripb, Uebk fq qo^sbip qeolrde ^ crpba pfif`^ pr_pqo^qb* qeb E^rppf^k pqobpp

mripb tfii _b abclojba ^``loafkd ql qeb obi^qflk dfsbk fk Cn, &0,42', Reb ilt pqobpp ^q qeb

colkq lc qeb mripb qo^sbip jlpq nrf`hiv, Reb mb^h pqobpp* fkfqf^iiv ^ cbt k^klpb`lkap _befka

qeb colkq lc qeb mripb* tfii _b obq^oaba obi^qfsb ql qeb colkq lc qeb mripb, Reb ofpfkd m^oq

lc qeb `ljmobppflk mripb tfii _b pqobq`eba ^ka bsbkqr^iiv bslisb fkql ^ ifkb^o o^jm, Reb

c^iifkd m^oq lc qeb pqobpp mripb bslisbp fk ^ sbov afccbobkq j^kkbo, Reb q^fi lc qeb fkfqf^i mripb

molm^d^qbp jlob nrf`hiv qe^k qeb mb^h, ?cqbo `boq^fk qfjb* qeb q^fi lsboq^hbp qeb mb^h ^ka

^ afp`lkqfkrfqv fk pqobpp &^ka qebobclob fk j^qbof^i sbil`fqv' absbilmp, Reb qfjb fq q^hbp clo

qeb q^fi lc qeb pqobpp mripb ql lsboq^hb qeb mb^h* cpe* `^k _b bpqfj^qba rpfkd qeb j^qbof^i

1.
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[51] (Eqs. 2.61, 2.62), the speed of the propagation of characteristics is 

c(o-) = ✓!._(a +2/3e) (2nd-order approximation) 
Po 

= ~(1 + 2/30-) (1st-order approximation) 
Po 0:

2 

= 
~

(1 + /30-) ((1 + a)1l2 ~ 1 + a/2) 
o:2 

f3u 
(2.63) = eo(l + - 2 ) 

0: 

where Co = ..;;;!Po coincides with the low-amplitude dilatational sound velocity in fused 

silica, 5.9391 mm/ µsec. The time/travel-distance ratio is given by 

ti I /30-
- = -(1- -). 
L Co o:2 

(2.64) 

Equations (2.63) and (2.64) reveal that in the low stress region, the speed of the stress 

wave as well as the time/travel-distance ratio are linear functions of the compressive stress. 

Higher amplitude stress has a lower travel speed, and thus higher time/travel-distance value, 

i.e., the higher amplitude compressive stress travels slower. In the actual laser spallation 

experiments, the stress pulse generated at the absorbing layer interface is a compressive 

Gaussian stress pulse. When it travels through a fused silica substrate, the Gaussian stress 

pulse will be deformed according to the relation given in Eq. (2.64). The low stress at the 

front of the pulse travels most quickly. The peak stress, initially a few nanoseconds behind 

the front of the pulse, will be retarded relative to the front of the pulse. The rising part 

of the compression pulse will be stretched and eventually evolve into a linear ramp. The 

falling part of the stress pulse evolves in a very different manner. The tail of the initial pulse 

propagates more quickly than the peak. After certain time, the tail overtakes the peak and 

a discontinuity in stress (and therefore in material velocity) develops. The time it takes for 

the tail of the stress pulse to overtake the peak, tsh, can be estimated using the material 

30 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

Boeing Ex. 1038, p. 51 of 175 
Boeing v. Regents Univ. Cal 



molmboqfbp ^mm^obkq fk qeb pilmb lc qeb o^jm fk Cn, &0,42'* qeb c^ii qfjb lc qeb i^pbo mripb R*

^ka qeb mb^h pqobpp lc qeb E^rppf^k pqobpp mripb [j ^p

&0,43'

Reb abclojba molcfib lc ^k fkfqf^i E^rppf^k pqobpp mripb ^q ^kv il`^qflk r _bclob fq clojp qeb

pel`h fp dfsbk _v qeb pqobppàqfj +lcà ^oofs^i obi^qflk

n : n- ) } #, + \ ' * clo r : `lfde+ &- ,1 1 '
`+ ^ -

tebob ql fp obi^qba ql pqobpp 72 _v Cn, &0,45'* f,b,*

- c-
^ & f.' ; :2ĵ ubum&àq\ y' * &0,45'

tebob :5ĵ u fp qeb mb^h `ljmobppfsb pqobpp,

Cnr^qflk 0,43 fkaf`^qbp qe^q qeb qfjb clo ^ pqobpp mripb ql bslisb fkql ^ pel`h fp afob`qiv

molmloqflk^i ql qeb c^ii qfjb lc qeb i^pbo mripb ^ka fksbopbiv molmloqflk^i ql qeb ^jmifqrab

lc qeb pqobpp, Reb i^pbo ql _b rpba fk qeb bumbofjbkqp e^p ^ cfuba c^ii qfjb lc 2,/ kp, Rerp*

qeb efdebo qeb ^jmifqrab lc qeb `ljmobppfsb pqobpp* qeb peloqbo fq q^hbp qeb pqobpp ql bslisb

fkql ^ pel`h, Dolj qeb s^irbp lc R* [ ^ka -= molsfaba b^oifbo* qeb bpqfj^qba qfjb clo ^ pel`h

ql absbilm clo ^ /,. EN^* 0,. EN^* ^ka 1,. EN^ pqobpp mripb ^ob 36 kp* 06 kp ^ka /7 kp*

obpmb`qfsbiv, Dfd, 0,/0 peltp qeb bslirqflk mol`bpp lc ^ /,. EN^* 0,. EN^* ^ka 1,. EN^ pqobpp

mripb lsbo qfjb, ?p bumb`qba fk crpba pfif`^* ^k fkfqf^i E^rppf^k pqobpp mripb abclojp tfqe

qfjb, ? pel`h fp absbilmba clo ^ii qeobb pqobpp mripbp ^q ^ qfjb pifdeqiv b^oifbo qe^k qe^q

mobaf`qba _v Cn, 0,43, Qqobpp mripbp tfqe efdebo mb^h s^irbp absbilmba ^ pel`h fk ^ peloqbo

qfjb,

Gk Dfd, 0,/1* qeb fkfq^i E^rppf^k pqobpp mripbp tfqe mb^h s^irbp lc /,. EN^* 0,. EN^j

^ka 1,. EN^ ^ob milqqba qldbqebo fk &^'* ^ka qeb abclojba pqobpp mripbp ^cqbo qo^sbifkd 0.

1/

\pe à
Rbo

S \ ] "
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properties apparent in the slope of the ramp in Eq. (2.64), the fall time of the laser pulse T, 

and the peak stress of the Gaussian stress pulse O'p as 

Ta.2 
tsh= ~· 

/J(f' 'P 
(2.65) 

The deformed profile of an initial Gaussian stress pulse at any location x before it forms the 

shock is given by the stress-tim-of- arrival relation 

X /30' 
t =to+ -(1 - -), 

co a2 

where t0 is related to stress u by Eq. (2.67), i.e., 

2t2 

u(to) = O'max exp(- T~ ), 

where O'max is the peak compressive stress. 

(2.66) 

(2.67) 

Equation 2.65 indicates that the time for a stress pulse to evolve into a shock is directly 

proportional to the fall time of the laser pulse and inversely proportional to the amplitude 

of the stress. The laser to be used in the experiments has a fixed fall time of 4.1 ns. Thus, 

the higher the amplitude of the compressive stress, the shorter it takes the stress to evolve 

into a shock. From the values of T, a and /3 provided earlier, the estimated time for a shock 

to develop for a 1.0 GPa, 2.0 GPa, and 3.0 GPa stress pulse are 58 ns, 28 ns and 19 ns, 

respectively. Fig. 2.12 shows the evolution process of a 1.0 GPa, 2.0 GPa, and 3.0 GPa stress 

pulse over time. As expected in fused silica, an initial Gaussian stress pulse deforms with 

time. A shock is developed for all three stress pulses at a time slightly earlier than that 

predicted by Eq. 2.65. Stress pulses with higher peak values developed a shock in a shorter 

time. 

In Fig. 2.13, the inital Gaussian stress pulses with peak values of 1.0 GPa, 2.0 GPam 

and 3.0 GPa are plotted together in (a), and the deformed stress pulses after traveling 20 
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Figure 2.12: Evolution of the Gaussian stress pulse in fused silica with time: (a) 1.0 GPa 
peak stress; (b) 2.0 GPa peak stress; (c) 3.0 GPa peak stress. 
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Figure 2.13: Evolution of the Gaussian stress pulse in fused silica with time: (a) the initial 
Gaussian stress pulse of 1.0 GPa, 2.0 GPa, 3.0 GPa peak value; (b) the stress pulse in (a) 
after traveling 20 ns in the substrate. 
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@

Dfdrob 0,/28 Q`ebj^qf` lc qeb pel`h jlqflk

kp fk qeb jbaf^ ^ob milqqba fk &_', Reb mb^h pqobppbp colj qeb qeobb pqobpp mripbp ^ob cfqqba

fkql ^ ifkb^o bnr^qflk, Reb pilmb lc qeb ifkb^o cfq* à.,502 EN^-kp* fp bu^`qiv mobaf`qba colj

Cn, &0,42',

?cqbo qeb pel`h fp clojba* qeb pqobpp molcfib tfii `lkqfkrb ql bslisb ^``loafkd ql qeb bnr^i+

^ob^ orib Y30[, Reb bslirqflk mol`bpp `^k _b bumi^fkba rpfkd qeb pfjmifcfba jlabi peltk fk

Dfd, 0,/2, Reb qlq^i ^ob^ rkabo qeb pqobpp molcfib fp =i) qeb aro^qflk lc qeb o^jm fp @) ^ka

qeb mb^h pqobpp ^q ^k ^o_fqo^ov jljbkq fp ]lj+ Mk`b ^ afp`lkqfkrfqv e^p absbilmba ^q qeb

qo^fifkd badb lc qeb molcfib* fq tfii jlsb tfqe qeb pmbba bnr^i ql qeb ^sbo^db lc qeb t^sb

pmbbap _befka ^ka ^eb^a lc qeb pel`h Y21[8

\pe)  e\peà
Spe ; - +++++++

; ( & f ) p 0 ' + :0 +4 6<

Rerp* qeb pel`h tfii jlsb jlob piltiv qe^k qeb colkq lc qeb ifkb^o o^jm &wbol pqobpp', Reb

o^jm m^oq tfii `lkqfkrb ql _b pqobq`eba ^ka @ tfii fk`ob^pb tfqe qfjb, ?``loafkd ql qeb

bnr^i+^ob^ orib* qeb ^ob^ ?l tfii obj^fk `lkpq^kq ^ka qerp

@ : } * &0,47'
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D 

Figure 2.14: Schematic of the shock motion 

ns in the media are plotted in (b ). The peak stresses from the three stress pulses are fitted 

into a linear equation. The slope of the linear fit, -0. 724 GPa/ns, is exactly predicted from 

Eq. (2.64). 

After the shock is formed, the stress profile will continue to evolve according to the equal­

area rule [52]. The evolution process can be explained using the simplified model shown in 

Fig. 2.14. The total area under the stress profile is Ao, the duration of the ramp is D, and 

the peak stress at an arbitrary moment is <Ip, Once a discontinuity has developed at the 

trailing edge of the profile, it will move with the speed equal to the average of the wave 

speeds behind and ahead of the shock [43]: 

Vsh = 
(2.68) 

Thus, the shock will move more slowly than the front of the linear ramp (zero stress). The 

ramp part will continue to be stretched and D will increase with time. According to the 

equal-area rule, the area Ao will remain constant and thus 

(2.69) 
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tebob òg+ fp qeb mb^h pqobpp ^q qeb qfjb qeb pel`h clojp* vfbiap
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(2.70) 

Substituting (2.69) into (2.70), one obtains 

80-p Co/3 3 
-=--0'. 
8t 4A0a2 (2.71) 

The solutions of Eq. (2.71) takes the form 

1 
O'p = ---;====, 

Jco- 2ta2t 

(2.72) 

where C0 is a constant. Application of the initial condition 

(2.73) 

where O'po is the peak stress at the time the shock forms, yields 

C -2 + Co/3 t 
o = O'po 2Aoa2 sh• (2.74) 

Substituting the value of c1 into (2. 72) and simplifying, one obtains 

(2.75) 

Therefore 

(2.76) 
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Qr_pqfqrqfkd &0,54' ^ka &0,43' fkql &0,53'* lkb cfk^iiv l_q^fkp

:om ; * clo n ; n mb* &0,55'

Dlo cfuba pr_pqo^qb qef`hkbpp H)

KjK
Kl) ;

T1-0+
&0,56'

Reb ^_lsb bnr^qflk fp s^ifa lkiv ^cqbo qeb pel`h e^p clojba, Gk loabo ql dr^o^kqbb pel`h

absbilmjbkq _bclob qeb pqobpp qo^sbip qeolrde afpq^k`b H) [ji jrpq p^qfpcv

l ( < :" ; ç &0+57'

Dlo ^ /,3 jj qef`h crpba pfif`^ pr_pqo^qb ]lY)h ; .,012 EN^ ^ka clo ^ 1 jj qef`h crpba pfif`^

pr_pqo^qb* iYg : .,//4 EN^, Gk Dfd, 0,/3* qeb s^irbp lc qeb ^qqbkr^qflk c^`qlo ij, i j- ^ka ij

^ob milqqba ^p crk`qflkp lc :Rg+ clo qtl pr_pqo^qb qef`hkbppbp* /,3 jj ^ka 1 jj* obpmb`qfsbiv,

?p bumb`qba colj Cn, &0,56'* clo qeb p^jb fkfqf^i mb^h pqobpp ijl* dob^qbo ^qqbkr^qflk l``rooba

fk qeb qef`hbo pr_pqo^qb, Dlo qeb p^jb pr_pqo^qb qef`hkbpp* J* dob^qbo ^qqbkr^qflk l``rop clo

i^odbo fkfqf^i mb^h pqobpp ij-+ Reb obj^fkfkd mb^h pqobpp ]lj) eltbsbo* fp pqfii dob^qbo clo

dob^qbo fkfqf^i mb^h pqobpp :oml _b`^rpb :om l̀ &:omi&.Y/) clo i^odb ]lj-+

0,3 Alk`irpflkp

Gk qefp `e^mqbo* ^ lkb+afjbkpflk^i qebojl+bi^pqf` ^k^ivpfp t^p mboclojba ql mobaf`q qeb pqobpp

dbkbo^qba _lqe fk qeb pr_pqo^qb ^ka ^q qeb cfij fkqboc^`b cliiltfkd qeboj^i abmlpfqflk lc ^

W?E i^pbo mripb, @lqe ^k^ivqf`^i ^ka ^pvjmqlqf` plirqflkp arb ql ^ abiq^ i^pbo mripb abml+

pfqflk ^p tbii ^p qeb mo^`qf`^i plirqflk arb ql qeb ^`qr^i E^rppf^k i^pbo mripb abmlpfqflk

tbob abofsba, Reb pqobpp molcfib fk qeb pr_pqo^qb t^p abqbojfkba _v qeb molcfib l c qeb abml+

14
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Substituting (2.76) and (2.65) into (2.75), one finally obtains 

O'p0 
O'p = --.====, for t > tsh• 

· /3;2 - l!!£t V 2Ta2 

(2. 77) 

For fixed substrate thickness L, 

O'po 

O' P = -.-;:: /3=/2==_=(3=<7=p0L=2 
V 2coTa 

(2.78) 

The above equation is valid only after the shock has formed. In order to guarantee shock 

development before the stress travels through distance L, O'po must satisfy 

(2.79) 

For a 1.5 mm thick fused silica substrate u;;oin = 0.234 GPa and for a 3 mm thick fused silica 

substrate, u;;oin = 0.116 GPa. In Fig. 2.15, the values of the attenuation factor up/ O'po and O'p 

are plotted as functions of O'po for two substrate thicknesses, 1.5 mm and 3 mm, respectively. 

As expected from Eq. (2. 78), for the same initial peak stress O'po, greater attenuation occurred 

in the thicker substrate. For the same substrate thickness, L, greater attenuation occurs for 

larger initial peak stress <Tpo• The remaining peak stress <Tp, however, is still greater for 

greater initial peak stress <Tpo because O'p oc (up0 ) 1l2, for large <Tpo• 

2.5 Conclusions 

In this chapter, a one-dimensional thermo-elastic analysis was performed to predict the stress 

generated both in the substrate and at the film interface following thermal deposition of a 

YAG laser pulse. Both analytical and asymptotic solutions due to a delta laser pulse depo­

sition as well as the practical solution due to the actual Gaussian laser pulse deposition 

were derived. The stress profile in the substrate was determined by the profile of the depo-
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Dfdrob 0,/38 Qel`h ^qqbkr^qflk fk crpba pfif`^8 &^' ^qqbkr^qflk c^`qlo ^p ^ crk`qflk lc fkfqf^i
mb^h pqobpp ^ka pr_pqo^qb qef`hkbpp9 &_' obj^fkfkd mb^h pqobpp ^p ^ crk`qflk lc fkfqf^i mb^h
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Figure 2.15: Shock attenuation in fused silica: (a) attenuation factor as a function of initial 
peak stress and substrate thickness; (b) remaining peak stress as a function of initial peak 
stress and substrate thickness. 
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pfqba i^pbo mripb, Dlo qeb pqobpp ^q ^ qefk+cfij fkqboc^`b* _lqe pfjmifcfba pqobpp `^i`ri^qflkp

_^pba lk Lbt qlkåp pb`lka i^t ^ka qeb bu^`q `^i`ri^qflkp &?mmbkafu @ ' rpfkd t^sb qo^kp+

jfppflk ^ka obcib`qflk qeblofbp tbob molsfaba, Dlo qefk qbpq cfijp* _lqe plirqflkp d^sb qeb

p^jb obpriqp, Uebk qeb qbpq cfij fp qef`h* eltbsbo* qeb bu^`q plirqflk jrpq _b bjmilvba,

?iqelrde qeb ^`qr^i plro`b jb`e^kfpj fk bumbofj bkqp fp jr`e jlob `ljmif`^qba qe^k qeb

qebojl+bi^pqf` ^mmolufj^qflk &fkslisfkd j biqfkd lo ^_i^qflk'* qebpb pfjmifcfba `^i`ri^qflkp

pbosb ^p ^ iltbo+_lrka mobaf`qflk clo qeb bumb`qba j^dkfqrabp lc afpmi^`bjbkq ^ka pqobpp,

Gk bumbofj bkqp* qeb i^pbo _b^j pfwb fp cfkfqb* ^ka qeb p^jmib dbljbqov fp jlob `ljmif`^qba,

Qfdkfcf`^kq pqobpp ^qqbkr^qflk j^v l``ro arb ql qeb cfkfqb plro`b pfwb, @^pba lk qeb pqobpp

bumobppflk l_q^fkba colj qeb lkb+afjbkpflk^i ^k^ivpfp* croqebo qeblobqf`^i ^k^ivpfp clo qeb

pqobpp t^sb ^qqbkr^qflk t fqe obpmb`q ql qeb W?E _b^j pfwb ^ka qeb t^sb qo^sbi afpq^k`b t^p

`^oofba lrq lk ^ `fo`ri^o m^k`^hb W?E plro`b, Reb t^sb ^qqbkr^qflk t^p pqolkdiv abmbkabkq

lk qeb W?E _b^j pfwb ^ka qo^sbi afpq^k`b, Eob^qbo ^qqbkr^qflk l``rop clo pj^iibo W?E _b^j

pfwb ^ka ilkdbo qo^sbi afpq^k`b,

Dlo crpba pfif`^* tef`e _be^sbp ^p ^ klkifkb^o bi^pqf` plifa rm ql qeb me^pb qo^kpfqflk ^q

7,6 EN^* qeb fkfqf^i E^rppf^k pqobpp mripb dbkbo^qba ^q qeb ^_plo_fkd i^vbo bslisbp fkql ^

pel`h ^cqbo qo^sbifkd ^ peloq afpq^k`b fk qeb crpba+pfif`^ pr_pqo^qb, Reb jb`e^kfpj lc pel`h

absbilmjbkq fp ^k^ivwba rpfkd t^sb+molm^d^qflk qeblov fk klkifkb^o bi^pqf` plifap ^ka qeb

klkifkb^o pqobppà pqo^fk obi^qflk l_q^fkba _v @^ohbo ^ka Fliibk_^`e Y3/[, Gq fp clrka qe^q

qeb t^sb sbil`fqv fp ^k ^mmolufj^qbiv ifkb^o crk`qflk lc `ljmobppfsb pqobpp, Ffdebo pqobpp

e^p ^ piltbo qo^sbifkd pmbba, Qqobpp mripbp t fqe efdebo mb^h s^irbp bslisb fkql ^ pel`h fk ^

peloqbo qfj b* f,b ,* ^cqbo qo^sbifkd ^ peloqbo afpq^k`b, Reb pr_pqo^qb pqobpp e^p ^ sbov peloq

c^ii qfj b arb ql qeb pel`h* tef`e `lria dob^qiv bke^k`b fkqboc^`b il^afkd ^ka pr_pbnrbkq

cfij c^firob, Fltbsbo* ^cqbo qeb pel`h e^p clojba* pfdkfcf`^kq ^qqbkr^qflk fk qeb mb^h pqobpp

l``rop ^p qeb pqobpp qo^sbip qeolrde ilkdbo afpq^k`bp, Reb ^qqbkr^qflk ^ppl`f^qba t fqe qeb

pel`h t^sb fp bsbk dob^qbo qe^k qe^q ^ppl`f^qba tfqe dbljbqof` ^qqbkr^qflk,

Gk abpfdkfkd qeb i^pbo pm^ii^qflk bumbofj bkq* _lqe dbljbqof` ^qqbkr^qflk ^ka pel`h
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sited laser pulse. For the stress at a thin-film interface, both simplified stress calculations 

based on Newton's second law and the exact calculations (Appendix B) using wave trans­

mission and reflection theories were provided. For thin test films, both solutions gave the 

same results. When the test film is thick, however, the exact solution must be employed. 

Although the actual source mechanism in experiments is much more complicated than the 

thermo-elastic approximation (involving melting or ablation), these simplified calculations 

serve as a lower-bound prediction for the expected magnitudes of displacement and stress. 

In experiments, the laser beam size is finite, and the sample geometry is more complicated. 

Significant stress attenuation may occur due to the finite source size. Based on the stress 

expression obtained from the one-dimensional analysis, further theoretical analysis for the 

stress wave attenuation with respect to the YAG beam size and the wave travel distance was 

carried out on a circular pancake YAG source. The wave attenuation was strongly dependent 

on the YAG beam size and travel distance. Greater attenuation occurs for smaller YAG beam 

size and longer travel distance. 

For fused silica, which behaves as a nonlinear elastic solid up to the phase transition at 

9.8 GPa, the initial Gaussian stress pulse generated at the absorbing layer evolves into a 

shock after traveling a short distance in the fused-silica substrate. The mechanism of shock 

development is analyzed using wave-propagation theory in nonlinear elastic solids and the 

nonlinear stress-strain relation obtained by Barker and Hollenbach [51]. It is found that 

the wave velocity is an approximately linear function of compressive stress. Higher stress 

has a slower traveling speed. Stress pulses with higher peak values evolve into a shock in a 

shorter time, i.e., after traveling a shorter distance. The substrate stress has a very short 

fall time due to the shock, which could greatly enhance interface loading and subsequent 

film failure. However, after the shock has formed, significant attenuation in the peak stress 

occurs as the stress travels through longer distances. The attenuation associated with the 

shock wave is even greater than that associated with geometric attenuation. 

In designing the laser spallation experiment, both geometric attenuation and shock 
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^qqbkr^qflk pelria _b `lkpfaboba, Fbk`b* qebpb qeblobqf`^i ^k^ivpbp molsfab rpbcri drfa+

^k`b fk `ellpfkd qeb ^mmolmof^qb p^jmib dbljbqov ^ka W?E pmlq pfwb clo qeb bumbofjbkq^i

fksbpqfd^qflk ql cliilt,

17
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attenuation should be considered. Hence, these theoretical analyses provide useful guid­

ance in choosing the appropriate sample geometry and YA G spot size for the experimental 

investigation to follow. 
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Ae^mqbo 1

Rbkpfib Qm^ii^qflk Cumbofj bkq

1,/ Gkqolar`qflk

Qbsbo^i mo^`qf`^i qefk+cfij ^aebpflk jb^probjbkq qb`ekfnrbp* fk`irafkd qeb p`o^q`e* mbbi*

mrii* _ifpqbo ^ka fkabkq^qflk qbpqp* tbob prjj^ofwba fk Ae^mqbo , , Dlo b^`e lc qebpb qbpqp

qeb fkqboc^`b fp pr_gb`qba ql efde pqobpp ibsbip ^ka `lkpbnrbkq fkeljldbkblrp abcloj^qflkp,

J^odb ^jlrkqp lc mi^pqf` abcloj^qflk `^k obpriq &bpmb`f^iiv fk qeb mbbi qbpq' ^ka aljfk^qb

qeb _be^sflo arofkd qeb qbpq Y/4* 02[, Reb pqobpp cfbiap ^ob afccf`riq ql ^k^ivwb ^ka qeb

obpriqfkd ^aebpflk jb^probjbkqp qbka ql _b nr^ifq^qfsb ^ka `ljm^o^qfsb, @lqe qeb fkqofkpf`

tloh l c ^aebpflk ^ka tloh lc mi^pqf` afppfm^qflk `lkqoli qefk+cfij fkqboc^`f^i c^firob pqobkdqe,

Reb obi^qflkpefm _bqtbbk qeb j^`olp`lmf` fkqboc^`f^i qlrdekbpp &qeb ql q^ i tloh l c co^`qrob'

^ka qeb tloh l c ^aebpflk fp ^k fkqbdo^i m^oq l c ob`bkq qeblobqf`^i jlabip lc qefk+cfij c^fi+

rob Y31[, Cumbofj bkqp `^m^_ib lc `e^o^`qbofwfkd qeb fkqofkpf` fkqboc^`f^i pqobkdqe* tfqelrq

^kv `lkqof_rqflk colj mi^pqf` afppfm^qflk* ^ob qebobclob `ofqf`^i ql l_q^fkfkd ^ crka^jbkq^i

rkabopq^kafkd lc qefk+cfij c^firob jlabp,

Bfccbobkq colj ^_lsb abp`of_ba j bqelap* i^pbo+pm^ii^qflk jbqelap il^a qeb fkqboc^`b fk

^ objlqb* klk+`lkq^`qfkd j^kkbo rpfkd i^pbo+dbkbo^qba pqobpp t^sbp, Refp qb`ekfnrb t^p

cfopq fkqolar`ba _v Tlppbk Y03[ ^ka croqebo absbilmba _v Ermq^ bq ^i, Y1/+2.[, Reb j^glo

^as^kq^db l c qeb i^pbo pm^ii^qflk qb`ekfnrb lsbo fqp `lrkqbom^oqp fp fqp ^_fifqv ql molsfab

^ crka^jbkq^i jb^prob lc qeb fkqboc^`f^i pqobkdqe* _b`^rpb fkqboc^`b ab`lebpflk fp rpr^iiv

2.
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Chapter 3 

Tensile Spallation Experiment 

3 .1 Introduction 

Several practical thin-film adhesion measurement techniques, including the scratch, peel, 

pull, blister and indentation tests, were summarized in Chapter 1. For each of these tests 

the interface is subjected to high stress levels and consequent inhomogeneous deformations. 

Large amounts of plastic deformation can result ( especially in the peel test) and dominate 

the behavior during the test [16, 24). The stress fields are difficult to analyze and the 

resulting adhesion measurements tend to be qualitativf' and comparative. Both the intrinsic 

work of adhesion and work of plastic dissipation control thin-film interfacial failure strength. 

The relationship between the macroscopic interfacial toughness (the total work of fracture) 

and the work of adhesion is an integral part of recent theoretical models of thin-film fail­

ure (53). Experiments capable of characterizing the intrinsic interfacial strength, without 

any contribution from plastic dissipation, are therefore critical to obtaining a fundamental 

understanding of thin-film failure modes. 

Different from above described methods, laser-spallation methods load the interface in 

a remote, non-contacting manner using laser~generated stress waves. This technique was 

first introduced by Vossen (25) and further developed by Gupta et al. (31-40). The major 

advantage of the laser spallation technique over its counterparts is its ability to provide 

a fundamental measure of the interfacial strength, because interface decohesion is usually 
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^`efbsba ^q ^ obi^qfsbiv efde pqo^fk o^qb* arofkd tef`e ^ii fkbi^pqf` afpil`^qflk+obi^qba mol+

`bppbp ^ob bppbkqf^iiv prmmobppba* ^ka qeb jb^proba pqobkdqe fp fkqofkpf` ql qeb fkqboc^`f^i

pqor`qrob,

Gk ^ii qeb bumbofj bkqp obmloqba ql a^qb* lkiv kloj^i+mobpprob mripbp tbob ^mmifba ql qeb

cfijp, Alkpbnrbkqiv* qeb fkqboc^`bp tbob pr_gb`qba lkiv ql qbkpfib &jlab G' il^afkd, Gk jlpq

`ljjbo`f^i ^mmif`^qflkp* eltbsbo* qefk+cfij fkqboc^`bp c^fi rkabo j fuba+jlab `lkafqflkp Y,[,

Reb abpfdk l c bumbofj bkqp ql jb^prob qeb fkqboc^`b ab_lkafkd lsbo ^ o^kdb lc jlab j fufqv

obibs^kq ql mo^`qf`^i mol_ibjp fp ^ pfdkfcf`^kq `e^iibkdb, U fqe qeb dl^i lc absbilmfkd ^k

bumbofj bkq^i qb`ekfnrb clo j fuba+jlab il^afkd* qefp molgb`q pq^oqp t fqe ^k fksbpqfd^qflk

lc qeb qbkpfib i^pbo+pm^ii^qflk qb`ekfnrb, ?iqelrde qefp qb`ekfnrb e^p _bbk obmloqba lk

buqbkpfsbiv fk qe b ifqbo^qrob* m^pq tloh e^p i^odbiv cl`rpba lk bs^ir^qfkd cfij ^aebpflk*

t fqe nrbpqflkp obi^qfkd ql lmqfj^i bumbofjbkq abpfdk dfsbk ibpp bjme^pfp, Reb bccb`q lc

i^pbo cirbk`b t^p fksbpqfd^qba _v Tlppbk Y03[* W^kd Y07[* ^ka Ermq^ bq ^i, Y1/[9 qeb bccb`q

lc ^_plo_fkd i^vbo qef`hkbpp t^p obmloqba _v W^kd Y07[* ?iqelrde qeb bccb`q lc pe^omkbpp

^ka pe^mb lc qeb pqobpp mripb* cfij molmboqfbp* ^ka cfij qef`hkbpp tbob ^ipl pqrafba _v Wr^k

^ka Ermq^ Y13[* qebfo fksbpqfd^qflk t^p j^fkiv _^pba lk krjbof`^i pfjri^qflk, Gk loabo

ql ^`efbsb ^ _bqqbo rkabopq^kafkd lc qeb jb`e^kf`p lc qefk cfij pm^ii^qflk* fq t^p gradba

^mmolmof^qb ql fksbpqfd^qb pvpqbj^qf`^iiv qeb bccb`qp lc cfij qef`hkbpp* pr_pqo^qb qef`hkbpp*

^ka i^pbo cirbk`b, Gk qefp `e^mqbo* ^ pbofbp lc pm^ii^qflk bumbofjbkqp clo ^irjfkrj qefk cfijp

lk _lqe &/..' pfif`lk ^ka crpba pfif`^ pr_pqo^qbp lc s^ovfkd qef`hkbpp ^ob obmloqba, Reb

obpriqp obsb^i fjmloq^kq abpfdk m^o^jbqbop clo fjmolsfkd qeb qbkpfib pm^ii^qflk bumbofjbkqp

^ka absbilmfkd qeb j fuba+jlab il^afkd bumbofjbkqp,

2/
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achieved at a relatively high strain rate, during which all inelastic dislocation-related pro­

cesses are essentially suppressed, and the measured strength is intrinsic to the interfacial 

structure. 

In all the experiments reported to date, only normal-pressure pulses were applied to the 

films. Consequently, the interfaces were subjected only to tensile (mode I) loading. In most 

commercial applications, however, thin-film interfaces fail under mixed-mode conditions (1). 

The design of experiments to measure the interface debonding over a range of mode mixity 

relevant to practical problems is a significant challenge. With the goal of developing an 

experimental technique for mixed-mode loading, this project starts with an investigation 

of the tensile laser-spallation technique. Although this technique has been reported on 

extensively in the literature, past work has largely focused on evaluating film adhesion, 

with questions relating to optimal experiment design given less emphasis. The effect of 

laser fluence was investigated by Vossen (251, Yang (29], and Gupta et al. [31}; the effect 

of absorbing layer thickness was reported by Yang [29]. Although the effect of sharpness 

and shape of the stress pulse, film properties, and film thickness were also studied by Yuan 

and Gupta (35], their investigation was mainly based on numerical simulation. In order 

to achieve a better understanding of the mechanics of thin film spallation, it was judged 

appropriate to investigate systematically the effects of film thickness, substrate thickness, 

and laser fluence. In this chapter, a series of spallation experiments for aluminum thin films 

on both (100) silicon and fused silica substrates of varying thickness are reported. The 

results reveal important design parameters for improving the tensile spallation experiments 

and developing the mixed-mode loading experiments. 
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1,0 Cumbofjbkq^i Nol`barob

1,0,/ Cumbofjbkq^i Qbqrm

Dfdrob 0,/ peltp ^ p`ebj^qf` lc qeb qbkpfib i^pbo pm^ii^qflk bumbofjbkq, Reb jb`e^kfpj lc qeb

pqobpp+t^sb dbkbo^qflk ^ka molm^d^qflk colj qeb ^_plo_fkd i^vbo ql qeb qefk+cfij fkqboc^`b

t^p abp`of_ba fk Qb`qflk 0,/, Reb kljfk^i af^jbqbo lc qeb W?E i^pbo _b^j rpba fk qeb

`roobkq molgb`q fp 1,3 jj, Gk loabo ql fk`ob^pb qeb i^pbo cirbk`b* qeb i^pbo _b^j fp cl`rpba

lkql ^ / +0 jj af^jbqbo pmlq lk qeb bkbodv+^_plo_fkd i^vbo, Reb i^pbo bkbodv fp fk`ob^pba

rkqfi ^ ilkdfqrafk^i t^sb fp dbkbo^qba tfqe ^k ^jmifqrab prccf`fbkq ql c^fi qeb cfij -pr_pqo^qb

fkqboc^`b, Gkqbocboljbqof` jb^probjbkqp lc lrq+lc+mi^kb afpmi^`bjbkq ^ob j^ab ^q qeb proc^`b

lc qeb qbpq cfij, Dolj afpmi^`bjbkq jb^probjbkqp ^q qeb cobb proc^`b* qeb pqobpp efpqlov ^q

qeb fkqboc^`b `^k _b fkcbooba rpfkd pq^ka^oa t^sb jb`e^kf`p Y32[ ^ka qeb j^ufjrj pqobpp

^`qfkd lk qeb fkqboc^`b `^k qebk _b `^i`ri^qba,

? abq^fiba p`ebj^qf` lc qeb Kf`ebiplk fkqbocboljbqbo fp peltk fk Dfd, 1,/, ? pfkdib*

ifkb^oiv mli^ofwba ifdeq _b^j lc t^sbibkdqe ?.;3/2,3 kj colj ^k ^odlk i^pbo fp fk`fabkq

rmlk ^ _b^j pmifqqfkd `r_b &@Q', Mkb _b^j fp cl`rpba ql ^ pe^om mlfkq &{ 4 . ` cg& lk qeb

qbpq cfij rpfkd ^k l_gb`qfsb ibkp &J0'* tefib qeb pb`lka _b^j fp cl`rpba lk ^ pq^qflk^ov

jfoolo &K0', Reb qtl _b^jp ^ob ob`lj_fkba fk qeb _b^j pmifqqbo ^ka qebk fj^dba lkql

qeb ^`qfsb ^ob^ lc ^ melqlaflab abqb`qlo, R eb pfdk^i colj qeb abqb`qlo fp ^`nrfoba rpfkd ^

afdfqfwfkd lp`fiilp`lmb, @b`^rpb qeb pqobpp mripb fk qeb bumbofjbkq e^p ^ ofpb qfj b lc ibpp qe^k

^ cbt k^klpb`lkap* cofkdbp jrpq _b obplisba t fqe pr_+k^klpb`lka obplirqflk, Qr`e pfdk^ip

e^sb _bbk pr``bppcriiv jb^proba fk mi^qb+fjm^`q obpb^o`e Y33+36[* pel`h+t^sb pqrafbp Y3/[*

^ka mobsflrp pm^ii^qflk bumbofjbkqp Y1/+14[, ?k riqo^+efde pmbba melqlabqb`qlo t^p pbib`qba

tfqe ^ ofpb qfj b ibpp qe^k 1.. mp, ? efde+obplirqflk JbAolv lp`fiilp`lmb tfqe ^ _^katfaqe lc

/ EFw ^ka ^ p^jmib o^qb lc 6 E p^jmib-pb` t^p rpba ql ob`loa qeb fkqbocboljbqof` cofkdbp,

Rvmf`^i klfpb ibsbip ^ob ibpp qe^k /# lc ^ cofkdb,

20
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3.2 Experimental Procedure 

3.2.1 Experimental Setup 

Figure 2.1 shows a schematic of the tensile laser spallation experiment. The mechanism of the 

stress-wave generation and propagation from the absorbing layer to the thin-film interface 

was described in Section 2.1. The nominal diameter of the YAG laser beam used in the 

current project is 3.5 mm. In order to increase the laser fluence, the laser beam is focused 

onto a 1-2 mm diameter spot on the energy-absorbing layer. The laser energy is increased 

until a longitudinal wave is generated with an amplitude sufficient to fail the film/substrate 

interface. Interferometric measurements of out-of-plane displacement are made at the surface 

of the test film. From displacement measurements at the free surface, the stress history at 

the interface can be inferred using standard wave mechanics [54] and the maximum stress 

acting on the interface can then be calculated. 

A detailed schematic of the Michelson interferometer is shown in Fig. 3.1. A single, 

linearly polarized light beam of wavelength .X0 =514.5 nm from an argon laser is incident 

upon a beam splitting cube (BS). One beam is focused to a sharp point ( ~60 µm) on the 

test film using an objective lens (L2), while the second beam is focused on a stationary 

mirror (M2). The two beams are recombined in the beam splitter and then imaged onto 

the active area of a photodiode detector. The signal from the detector is acquired using a 

digitizing oscilloscope. Because the stress pulse in the experiment has a rise time of less than 

a few nanoseconds, fringes must be resolved with sub-nanosecond resolution. Such signals 

have been successfully measured in plate-impact research [55-58], shock-wave studies (51], 

and previous spallation experiments (31-36). An ultra-high speed photodetector was selected 

with a rise time less than 300 ps. A high-resolution LeCroy oscilloscope with a bandwidth of 

1 GHz and a sample rate of 8 G sample/sec was used to record the interferometric fringes. 

Typical noise levels are less than 1 % of a fringe. 

42 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

Boeing Ex. 1038, p. 63 of 175 
Boeing v. Regents Univ. Cal 



E-

Q^jmib JG

+ K F 8 W?E

@QNelqlabqb`qlo

Mp`fiilp`lmb

J0

\ Aljmrqbo \
?odlk

Dfdrob 1,/8 Q`ebj^qf` l c i^pbo+pm^ii^qflk bumbofj bkq ^ka fkqbocboljbqof` afpmi^`bjbkq jb^+
probjbkq,

1,0,0 Kb^profkd Nofk`fmibp

?kv jlsbjbkq l c qeb p^jmib proc^`b `^rpbp ^ `e^kdb fk qeb pfdk^i cobnrbk`v arb ql qeb

Blmmibo bccb`q, Reb Blmmibo cobnrbk`v absf^qflk clo i^pbo ifdeq lc t^sbibkdqe ?l obcib`qba

kloj^iiv colj ^ jlsfkd proc^`b tfqe sbil`fqv R % n ' fp dfsbk _v qeb Blmmibo pefcq bnr^qflk ^p
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&1,/'

?q qeb fkqbocboljbqbo ^ifdkjbkq lc j ^ufj rj pbkpfqfsfqv &qeb pl+`^iiba 5q-0 mlfk q'* qeb
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^ka 1; fp qeb me^pb ^kdib, Reb proc^`b afpmi^`bjbkq fp l_q^fkba fk qbojp lc qeb cofkdb `lrkq
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M2 

Oscilloscope YAG 

( Compurer ) 
Argon 

Figure 3.1: Schematic of laser-spallation experiment and interferometric displacement mea­
surement. 

3.2.2 Measuring Principles 

Any movement of the sample surface causes a change in the signal frequency due to the 

Doppler effect. The Doppler frequency deviation for laser light of wavelength .-\0 reflected 

normally from a moving surface with velocity V(t) is given by the Doppler shift equation as 

(3.1) 

At the interferometer alignment of maximum sensitivity (the so-called 1r /2 point), the 

light intensity on the photodiode detector is related to the fringe count, n(t), as 

J(t) = lmax; lmin + lmax; lmin sin( 211"n(t) + <j,), (3.2) 

where Imax and lmin are the maximum and minimum intensities of the interference fringes 

and ¢ is the phase angle. The surface displacement is obtained in terms of the fringe count 

by integrating Eq. (3.1) [51]: 

u(t) = Aon(t). 
2 
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Reb cofkdb `lrkq fp abqboj fkba colj qeb lrqmrq lc qeb melqlaflab abqb`qlo &Cn, (#'! ^ka

qeb afpmi^`bjbkq fp `^i`ri^qba rpfkd Cn,  (#(!# Mkb `ljmibqb cofkdb pefcq `loobpmlkap ql ^

afpmi^`bjbkq lc 0O$'  '*, kj', Reb obplirqflk lc qefp qvmb lc fkqbcboljbqbo fp ifj fqba _v

qeb klfpb ^ofpfkd colj cir`qr^qflkp fk qeb i^pbo fk qbkpfqv ^ka cir`qr^qflkp fk qeb bksfolkjbkq

&f,b,* qbjmbo^qrob', Mk`b qeb cobb+proc^`b afpmi^`bjbkq fp l_q^fkba colj qeb fkqbocboljbq+

of` jb^probjbkqp* clo pj^ii cfij qef`hkbpp b) qeb `ljmobppfsb pqobpp molm^d^qfkd colj qeb

^_plo_fkd i^vbo qlt^oap qeb pr_pqo^qb fp `^i`ri^qba rpfkd pfjmib /+B t^sb jb`e^kf`p8

/ ^cc
qcpr_; à0 r_3 \ å & â Ä s

Reb fkqboc^`b pqobpp fp `^i`ri^qba rpfkd

M/Q
=VKNR .  >F=JKLM ' V  FUF!

^p abp`of_ba fk Ae^mqbo 0, Dlo qef`h cfij p* ^ jlob abq^fiba ^k^ivpfp rpfkd t^sb qo^kpjfppflk

^ka obcib`qflk `lbccf`fbkqp jrpq _b `^oofba lrq ql `^i`ri^qb pqobpp ^``ro^qbiv, Bbofs^qflk lc

qef`h+cfij pqobpp bnr^qflkp fp molsfaba fk ?mmbkafu @,

1,0,1 Q^jmib D^_of`^qflk

Reb qefk+cfij p^jmib rpba clo qeb pm^ii^qflk bumbofjbkqp fp peltk p`ebj^qf`^iiv fk Dfd, 1,0,

Dlo qebpb bumbofj bkqp* ^k ^irjfkrj cfij t^p rpba clo _lqe qeb ^_plo_fkd i^vbo ^ka qeb qbpq

cfij, Dlo ^ii qeb p^jmibp* t^qbodi^pp t^p `elpbk ^p qeb `lkcfkfkd j^qbof^i _^pba lk qeb tloh

lc mobsflrp obpb^o`ebop Y11[ ^ka lk ^k buqbkpfsb qbpq `ljm^ofplk fk lro ltk i^_ _bqtbbk

t^qbo* di^pp* ^ka t^qbodi^pp,

Gk mobifjfk^ov bumbofjbkqp* t^qbo t^p ^mmifba tfqe ^ pnrfoq _lqqib ql qeb _^`h proc^`b

lc qeb p^jmib, Reb fkqbocboljbqof` pfdk^i fkar`ba _v qeb i^pbo t^p bke^k`ba pifdeqiv _v qeb

t^qbo* _rq qeb t^qbo aofmmba ^ka bs^mlo^qba qll nrf`hiv* ^ka qeb obpriqp tbob klq `lkpfpqbkq,

))
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The fringe count is determined from the output of the photodiode detector (Eq. 3.2) and 

the displacement is calculated using Eq. (3.3). One complete fringe shift corresponds to a 

displacement of >.0/2 (257 nm). The resolution of this type of inteferometer is limited by 

the noise arising from fluctuations in the laser intensity and fluctuations in the environment 

(i.e., temperature). Once the free-surface displacement is obtained from the interferomet­

ric measurements, for small film thickness h, the compressive stress propagating from the 

absorbing layer towards the substrate is calculated using simple 1-D wave mechanics: 

(3.4) 

The interface stress is calculated using 

(3.5) 

as described in Chapter 2. For thick films, a more detailed analysis using wave transmission 

and reflection coefficients must be carried out to calculate stress accurately. Derivation of 

thick-film stress equations is provided in Appendix B. 

3.2.3 Sample Fabrication 

The thin-film sample used for the spallation experiments is shown schematically in Fig. 3.2. 

For these experiments, an aluminum film was used for both the absorbing layer and the test 

film. For all the samples, waterglass was chosen as the confining material based on the work 

of previous researchers [33] and on an extensive test comparison in our own lab between 

water, glass, and waterglass. 

In preliminary experiments, water was applied with a squirt bottle to the back surface 

of the sample. The interferometric signal induced by the laser was enhanced slightly by the 

water, but the water dripped and evaporated too quickly, and the results were not consistent. 
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Rbpq cfij8
?i .,4+1,. yg,j

Qr_pqo^qb8
Qf 2..+1... yfj
crpba pfif`^ /+4 jj

?_plo_fkd i^vbo8
?i +. ,2 &fj

Alkcfkfkd i^vbo8
t^qbodi^pp .,2+1. yÑj

Dfdrob 1,08 Q`ebj^qf` l c qefk cfij p^jmib clo pm^ii^qflk bumbofjbkq,

Lbuq* ^k loafk^ov di^pp pifab t^p dirba lkql qeb _^`hpfab lc qeb p^jmib, ? i^odb fk`ob^pb fk

qeb fkqbocboljbqof` pfdk^i t^p l_pbosba* _rq qeb qef`hkbpp lc qeb dirb i^vbo qbkaba ql s^ov

colj p^jmib ql p^jmib, Uebk qeb dirb i^vbo t^p qll qef`h* qeb pfdk^i ab`ob^pba pfdkfcf`^kqiv,

Dfk^iiv* ^ i^vbo lc plifa t^qbodi^pp t^p qofba ^p qeb `lkcfkfkd j^qbof^i, Reb i^vbo lc t^qbodi^pp

t^p l_q^fkba _v ^mmivfkd ^ i^vbo lc ifnrfa t^qbodi^pp &F -Qf+ . +&F-+ 'u ', ?cqbo ^ cbt j fkrqbpå

bumlprob ql ^fo* qeb t^qbo bs^mlo^qbp* ib^sfkd _befka ^ i^vbo lc plifa t^qbodi^pp &Qf+ - ',

U^qbodi^pp t^p clrka ql molsfab `lkpfpqbkq _be^sflo ^ka pqolkd pqobpp mripbp t fqe jfkfj^i

bumbkpb,

@lqe crpba pfif`^ ^ka pfkdib+pfab+mlifpeba pfkdib `ovpq^i pfif`lk &/..' tbob fksbpqfd^qba ^p

`^kafa^qbp clo qeb pr_pqo^qb j^qbof^i ql _b rpba fk qeb j fuba+jlab bumbofjbkqp, ?irjfkrj

cfijp tbob bfqebo bs^mlo^qba lo pmrqqboba lkql _lqe pfabp lc qeb p^jmib, Dlo qeb pfif`lk

pr_pqo^qb p^jmibp* qeb ^irjfkrj i^vbo lk qeb olrde pfab lc qeb pr_pqo^qb t^p rpba ^p ^k

^_plo_fkd i^vbo* tefib qeb ^irjfkrj cfij lk qeb mlifpeba proc^`b pbosba ^p qeb qbpq cfij, Dlo

^ii qeb p^jmibp* qeb ^_plo_fkd i^vbo t^p .,2+/,. `rg qef`h ^ka qeb qbpq cfij t^p . ,4+1 `d)g

qef`h,

Rtl cfij+abmlpfqflk pvpqbj p tbob ^almqba, Gk b^oiv bumbofj bkqp* qeb ?RA0... pmrq+

qbofkd pvpqbj fk qeb Dobabof`h Qbfqw K^qbof^ip Pbpb^o`e J^_ t^p rpba clo ^irjfkrj cfij

abmlpfqflk, Reb j^fk `e^j_bo mobpprob t^p ebia ^q 2 +6 u i . +o Rloo ^ka qeb pmrqqbofkd o^qb

t^p qvmf`^iiv /,3+0 ? -p, Reb pmrqqboba cfij rpr^iiv e^p ^ dlla nr^ifqv fk qbojp lc obcib`qfsfqv

^ka rkfclojfqv, Brb ql qeb ilt abmlpfqflk o^qb* abmlpfqfkd ^ cfij qef`hkbpp l c ^ cbt jf`olkp
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Test film: 
Al 0.6-3.0 µm 

Substrate: 
Si 400-3000 µm 
fused silica 1-6 mm 

Absorbing layer: 
Al ~0.4µm 

Confining layer: 
waterglass 0.4-30 µm 

Figure 3.2: Schematic of thin film sample for spallation experiment. 

Next, an ordinary glass slide was glued onto the backside of the sample. A large increase in 

the interferometric signal was observed, but the thickness of the glue layer tended to vary 

from sample to sample. When the glue layer was too thick, the signal decreased significantly. 

Finally, a layer of solid waterglass was tried as the confining material. The layer of waterglass 

was obtained by applying a layer of liquid waterglass (H2SiO3·(H2O)x). After a few minutes' 

exposure to air, the water evaporates, leaving behind a layer of solid waterglass (SiO2). 

Waterglass was found to provide consistent behavior and strong stress pulses with minimal 

expense. 

Both fused silica and single-side-polished single crystal silicon (100) were investigated as 

candidates for the substrate material to be used in the mixed-mode experiments. Aluminum 

films were either evaporated or sputtered onto both sides of the sample. For the silicon 

substrate samples, the aluminum layer on the rough side of the substrate was used as an 

absorbing layer, while the aluminum film on the polished surface served as the test film. For 

all the samples, the absorbing layer was 0.4-1.0 µm thick and the test film was 0.6-3 µm 

thick. 

Two film-deposition systems were adopted. In early experiments, the ATC2000 sput­

tering system in the Frederick Seitz Materials Research Lab was used for aluminum film 

deposition. The main chamber pressure was held at 4-8 x 10-7 Torr and the sputtering rate 

was typically 1.5-2 A/s. The sputtered film usually has a good quality in terms of reflectivity 

and uniformity. Due to the low deposition rate, depositing a film thickness of a few microns 
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^p obnrfoba fk qefp molgb`q _b`^jb sbov `lpqiv fk qbojp lc qeb qfj b ^ka q^odbq j^qbof^i,

?p ^ obpriq* ^ qeboj^i bs^mlo^qlo t^p rpba ql abmlpfq cfijp clo qeb j^glofqv lc qeb

bumbofjbkqp, Refp pvpqbj molsfabp ^ i^odb o^kdb lc abmlpfqflk o^qbp _v ^agrpqfkd qeb `roobkq

dlfkd qeolrde qeb bs^mlo^qfkd _^phbq, Dlo ^ii qeb cfijp qbpqba fk qefp qebpfp* qeb abmlpfqflk

o^qb t^p ebia _bqtbbk /.+/3 ?-p, Brofkd abmlpfqflk* qeb _bii g^o s^`rrj t^p `lkqoliiba ^q

0à3 uiM +4 Rloo,

?cqbo abmlpfqflk l c qeb ^irjfkrj cfij * ^ qefk i^vbo lc t^qbodi^pp t^p ^mmifba lkql qeb

_^`h proc^`b lc qeb ^_plo_fkd ^irjfkrj i^vbo ^p peltk fk Dfd, 1,0, Gk loabo ql dbkbo^qb efde

bklrde pqobpp ibsbip* afccbobkq pr_pqo^qb qef`hkbppbp obnrfoba afccbobkq lmqfj^i qef`hkbpp lc

t^qbodi^pp, Dlo t^qbodi^pp i^vbop 6 grj lo dob^qbo* qeb t^qbodi^pp plirqflk t^p m^fkqba lkql

qeb p^jmib rpfkd ^ pt^_, Dlo t^qbodi^pp qef`hkbppbp _bilt 6 --j * qeb qefk i^vbo t^p l_q^fkba

rpfkd ^ pq^ka^oa melqlifqeldo^mev pmfkkbo &Fb^at^v Pbpb^o`e Gk`,* E^oi^ka* Rbu^p', Dlo

pmfk `^pqfkd* qeb cfij qef`hkbpp t^p dlsbokba _v qeb pmfkkbo pmbba ^ka qeb sfp`lpfqv lc qeb

plirqflk, Reb sfp`lpfqv l c qeb plirqflk t^p ^agrpqba _v afirqfkd qeb ^p+ob`bfsba t^qbodi^pp

plirqflk ql qeb abpfoba buqbkq,

1,1 Or^ifq^qfsb B^j^db M_pbos^qflkp

Reb qefk+cfij p^jmibp abp`of_ba fk Qb`qflk 1,0,1 tbob qbpqba rpfkd qeb bumbofjbkq^i ^mm^o^qrp

abp`of_ba fk Dfd, 1,/, Noflo ql j^hfkd ^kv nr^kqfq^qfsb afpmi^`bjbkq jb^probjbkqp* ^ pbofbp

lc nr^ifq^qfsb bumbofj bkqp tbob `^oofba lrq ql ^ppbpp qeb fkcirbk`b lc W?E i^pbo cirbk`b*

qef`hkbpp lc qe b qbpq cfij * ^ka qef`hkbpp l c qeb pr_pqo^qb* lk pm^ii^qflk m^qqbok ^ka a^j^db

ql qeb qbpq cfij,

1,1,/ Qm^ii^qflk N^qqbokp

Reb pm^ii^qflk m^qqbokp l_pbosba ^ob pqolkdiv ^ccb`qba _v qeb pr_pqo^qb j^qbof^i* cfij ^ka

pr_pqo^qb qef`hkbpp* ^p tbii ^p qeb i^pbo cirbk`b, Rvmf`^i a^j^db m^qqbokp l_pbosba fk /,. grj
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as required in this project became very costly in terms of the time and target material. 

As a result, a thermal evaporator was used to deposit films for the majority of the 

experiments. This system provides a large range of deposition rates by adjusting the current 

going through the evaporating basket. For all the films tested in this thesis, the deposition 

rate was held between 10-15 A/s. During deposition, the bell jar vacuum was controlled at 

2-5 x 10-5 Torr. 

After deposition of the aluminum film, a thin layer of waterglass was applied onto the 

back surface of the absorbing aluminum layer as shown in Fig. 3.2. In order to generate high 

enough stress levels, different substrate thicknesses required different optimal thickness of 

waterglass. For waterglass layers 8 µm or greater, the waterglass solution was painted onto 

the sample using a swab. For waterglass thicknesses below 8 µm, the thin layer was obtained 

using a standard photolithography spinner (Headway Research Inc., Garland, Texas). For 

spin casting, the film thickness was governed by the spinner speed and the viscosity of the 

solution. The viscosity of the solution was adjusted by diluting the as-received waterglass 

solution to the desired extent. 

3.3 Qualitative Damage Observations 

The thin-film samples described in Section 3.2.3 were tested using the experimental apparatus 

described in Fig. 3.1. Prior to making any quantitative displacement measurements, a series 

of qualitative experiments were carried out to assess the influence of YAG laser fluence, 

thickness of the test film, and thickness of the substrate, on spallation pattern and damage 

to the test film. 

3.3.1 Spallation Patterns 

The spallation patterns observed are strongly affected by the substrate material, film and 

substrate thickness, as well as the laser fl.uence. Typical damage patterns observed in 1.0 µm 

46 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

Boeing Ex. 1038, p. 67 of 175 
Boeing v. Regents Univ. Cal 



qef`h ^irj fkrj cfijp abmlpfqba lk 4.. ,olh qef`h pfif`lk pr_pqo^qbp ^ob peltk fk Dfd, 1,1, Gk

Dfd, 1,1^* qeb ^irj fkrj cfij t^p cliaba ^ka ifcqba colj qeb pr_pqo^qb* _rq afa klq `ljb lcc

`ljmibqbiv, Gk Dfd, 1,1_* qeb ^irjfkrj cfij t^p pm^iiba lcc colj qeb pr_pqo^qb tefib ib^sfkd

qeb pr_pqo^qb fk q^`q, Gk Dfd, 1,1`* klq lkiv fp qeb ^irjfkrj cfij `ljmibqbiv pm^iiba lcc qeb

pr_pqo^qb* qebob fp ^ipl ^ abbm `o^qbo dbkbo^qba fk qeb pfif`lk pr_pqo^qb, Reb c^firob m^qqbok

fk Dfd, 1,1^ qvm f`^iiv l``rop clo qefkkbo cfijp lo ^q iltbo i^pbo cirbk`b* tefib qeb m^qqbok

peltk fk Dfd, 1,1` fp rpr^iiv l_pbosba clo qef`hbo cfijp lo ^q efdebo i^pbo cirbk`b,

Gk loabo ql bpqfj ^qb qeb a^j^db dbkbo^qba fk qeb p^jmib* ^ Qil^k BbhR^h1QR pqvirp

proc^`b molcfiljbqbo t^p rpba ql p`^k ^`olpp qe b proc^`b lc qeb a^j^dba pmlq, Dfdrobp 1,2^

^ka 1,2_ pelt qtl lqebo mf`qrobp lc a^j^dba ^irjfkrj cfij lk pfif`lk pr_pqo^qb pfjfi^o

ql Dfdp, 1,1_ ^ka 1,1`, Reb ebfdeq afpqof_rqflk ^ilkd qeb a^peba ifkb fk b^`e cfdrob t^p

jb^proba rpfkd qeb molcfiljbqbo, Reb p`^kkba a^q^ ^ob milqqba fk Dfdp, 1,2` ^ka 1,2a,

Reb molcfiljbqbo qo^`b `ib^oiv peltp qeb buqbkpfsb a^j^db `^rpba fk qeb pfif`lk pr_pqo^qb,

B^j^db m^qqbokp pfj fi^o ql Dfd, 1,1^ ^ob klq prfq^_ib clo bu^j fk^qflk tfqe qeb molcfiljbqbo

_b`^rpb qeb ifcqba cfij qbkap ql _b qlok ^ka mrpeba ^t^v _v qeb pqvirp, Qfk`b qeb mofj^ov

fkqbobpq lc qefp molgb`q fp ql jb^prob qeb fkqboc^`b ^aebpflk _bqtbbk cfij ^ka pr_pqo^qb*

pr_pqo^qb a^j^db &Dfd, 1,2_' fp klq abpfoba,

Rl fksbpqfd^qb croqebo qeb a^j^db ql qeb pr_pqo^qb* p^jmibp t fqe kl qbpq cfij tbob c^_of+

`^qba, Rtl afpqfk`q a^j^db m^qqbokp tbob l_pbosba lk qeb _^ob pfif`lk pr_pqo^qb &Dfd, 1,3'

tfqe ^ qef`hkbpp l c 4.. --j , Gk qeb cfopq m^qqbok* ^ `o^qbo clojba fk qeb pr_pqo^qb tefib fk

qeb pb`lka* ^ alkrq+ifhb a^j^db wlkb t^p l_pbosba, Dolj qeb ^ppl`f^qba ebfdeq molcfibp* qeb

`o^qbo abmqe dbkbo^qba ^q crii i^pbo mltbo t^p _bqtbbk 6. ^ka /0. vrj, ?ipl* qeb ebfdeq

molcfib fk Dfd, 1,2a ^ppl`f^qba t fqe qeb alkrq+ifhb a^j^db* peltp qe^q qeb `bkqo^i ^ob^ lc

qeb alkrq obdflk t^p bibs^qba colj qeb lofdfk^i pr_pqo^qb ebfdeq ^ka j^v fkaf`^qb ^ abbm

`o^`h rkabo qe^q obdflk, Uefib qebpb a^j^db m^qqbokp ^ob qvmf`^i clo pfif`lk pr_pqo^qbp* qebv

^ob klq abpfoba fk qeb i^pbo+pm^ii^qflk bumbofj bkqp, Reb pbsbob a^j^db fk qeb pr_pqo^qb j^v

`^rpb qeb cfij ql `ljb lcc _bclob qeb fkqboc^`b c^fip,
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thick aluminum films deposited on 600 µm thick silicon substrates are shown in Fig. 3.3. In 

Fig. 3.3a, the aluminum film was folded and lifted from the substrate, but did not come off 

completely. In Fig. 3.3b, the aluminum film was spalled off from the substrate while leaving 

the substrate intact. In Fig. 3.3c, not only is the aluminum film completely spalled off the 

substrate, there is also a deep crater generated in the silicon substrate. The failure pattern 

in Fig. 3.3a typically occurs for thinner films or at lower laser fluence, while the pattern 

shown in Fig. 3.3c is usually observed for thicker films or at higher laser fluence. 

In order to estimate the damage generated in the sample, a Sloan DekTak3ST stylus 

surface profilometer was used to scan across the surface of the damaged spot. Figures 3.4a 

and 3.4b show two other pictures of damaged aluminum film on silicon substrate similar 

to Figs. 3.3b and 3.3c. The height distribution along the dashed line in each figure was 

measured using the profilometer. The scanned data are plotted in Figs. 3.4c and 3.4d. 

The profilometer trace clearly shows the extensive damage caused in the silicon substrate. 

Damage patterns similar to Fig. 3.3a are not suitable for examination with the profilometer 

because the lifted film tends to be torn and pushed away by the stylus. Since the primary 

interest of this project is to measure the interface adhesion between film and substrate, 

substrate damage (Fig. 3.4b) is not desired. 

To investigate further the damage to the substrate, samples with no test film were fabri­

cated. Two distinct damage patterns were observed on the bare silicon substrate (Fig. 3.5) 

with a thickness of 600 µm. In the first pattern, a crater formed in the substrate while in 

the second, a donut-like damage zone was observed. From the associated height profiles, the 

crater depth generated at full laser power was between 80 and 120 µm. Also, the height 

profile in Fig. 3.4d associated with the donut-like damage, shows that the central area of 

the donut region was elevated from the original substrate height and may indicate a deep 

crack under that region. While these damage patterns are typical for silicon substrates, they 

are not desired in the laser-spallation experiments. The severe damage in the substrate may 

cause the film to come off before the interface fails. 
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Dfdrob 1,18 B^j^db l_pbosba clo /,. grj qef`h ^irjfkrj cfij abmlpfqba lk 4.. -fj qef`h
pfif`lk pr_pqo^qb8 &^' cfij ifcq+lcc9 &_' cfij pm^ii^qflk* kl pr_pqo^qb a^j^db9 &`' pr_pqo^qb
a^j^db mirp cfij pm^ii^qflk,
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(a) 

(b) 

(c) 

Figure 3.3: Damage observed for 1.0 µm thick aluminum film deposited on 600 µm thick 
silicon substrate: (a) film lift-off; (b) film spallation, no substrate damage; ( c) substrate 
damage plus film spallation. 

48 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission . 

Boeing Ex. 1038, p. 69 of 175 
Boeing v. Regents Univ. Cal 



% *%% &%%% &*%% K *%% &%%% &*%%
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Dfdrob 1,28 B^j^db l_pbosba clo /,0 mj qef`h ^irjfkrj cfij abmlpfqba lk 4.. mj qef`h
pfif`lk pr_pqo^qb8 &^' kl pr_pqo^qb a^j^db* lkiv cfij pm^ii^qflk9 &_' pr_pqo^qb a^j^db mirp
cfij pm^ii^qflk9 &`' ebfdeq molcfib `loobpmlkafkd ql &^'9 &a' ebfdeq molcfib `loobpmlkafkd ql

&_',
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Figure 3.4: Damage observed for 1.2 µm thick aluminum film deposited on 600 µm thick 
silicon substrate: (a) no substrate damage, only film spallation; (b) substrate damage plus 
film spallation; ( c) height profile corresponding to (a); ( d) height profile corresponding to 
(b). 
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Dfdrob 1,38 B^j^db m^qqbokp lk _^ob pfif`lk pr_pqo^qb &4.. `rj'8 &^' `o^qbo+pe^mba a^j+
^db9 &_' alkrq+pe^mba a^j^db9 &`' ebfdeq molcfib `loobpmlkafkd ql &^'9 &a' ebfdeq molcfib
`loobpmlkafkd ql &_',

3.
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Figure 3.5: Damage patterns on bare silicon substrate (600 µm): (a) crater-shaped dam­
age; (b) donut-shaped damage; (c) height profile corresponding to (a); (d) height profile 
corresponding to (b). 
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&^' &_'

Dfdrob 1,48 Rvmf`^i a^j^db m^qqbokp clo ^ /,7 #>)j qef`h ^irj fkrj cfij abmlpfqba lk ^
1... cfj qef`h crpba+pfif`^ pr_pqo^qb p^jmib8 &^' iltbo i^pbo cirbk`b &.,.5 H -j j 0'9 &_' efdebo
i^pbo cirbk`b &.,/2. H -j j 0', Reb af^jbqbo lc qeb i^pbo pmlq fp ^_lrq / jj,

Rvmf`^i a^j^db m^qqbokp clo ^ /,7 `d+g ^irjfkrj cfij lk 1... d̀*j qef`h crpba pfif`^ ^ob

peltk fk Dfd, 1,4, N^qqbokp ifhb qe^q fk Dfd, 1,4^ qvmf`^iiv ^mmb^o ^q iltbo i^pbo cirbk`b

&.,.5 H -j j 0' tefib m^qqbokp ifhb qe^q fk Dfd, 1,4_ ^ob obmobpbkq^qfsb lc efdebo i^pbo cirbk`b

&.,/2. H -j j 0', Gk crpba+pfif`^ pr_pqo^qb p^jmibp* kl pr_pqo^qb a^j^db t^p l_pbosba,

1,1,0 Cccb`q lc J^pbo Dirbk`b lk Dfij Qm^ii^qflk

Reb bccb`q lc i^pbo cirbk`b t^p pqrafba lk ^ p^jmib tfqe qbpq cfij qef`hkbpp lc /,. ` cg) pfif`lk

pr_pqo^qb qef`hkbpp lc 4.. ` cg ^ka ^_plo_fkd i^vbo qef`hkbpp lc /,. `F)g+ Reb W?E i^pbo cirbk`b

t^p piltiv o^jmba rm colj .,.34 H -j j 0 ql .,.62 H -j j 0* .,//0 H -j j 0* ^ka .,/2. H -j j 0

lk afccbobkq pmlqp, B^j^db t^p l_pbosba clo cirbk`b dob^qbo qe^k .,.62 H -j j 0, Dfdrob 1,5

`lkq^fkp p`^kkfkd bib`qolk jf`olp`lmb &QCK' mf`qrobp peltfkd qeb absbilmjbkq lc a^j^db

m^qqbokp t fqe fk`ob^pfkd i^pbo cirbk`b, Klob a^j^db t^p l_pbosba t fqe efdebo i^pbo cirbk`b,

Reb bccb`q lc i^pbo cirbk`b t^p ^ipl pqrafba clo ^irj fkrj -crpba pfif`^ p^jmibp, Dfdrob 1,6

peltp qeb QCK mf`qrobp peltfkd qeb a^j^db absbilmjbkq lk ^ /,. -fj qef`h qbpq cfij lk

3/
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Figure 3.6: Typical damage patterns for a 1.9 µm thick aluminum film deposited on a 
3000 µm thick fused-silica substrate sample: (a) lower laser fluence (0.07 J /mm2); (b) higher 
laser fl.uence (0.140 J /mm2). The diameter of the laser spot is about 1 mm. 

Typical damage patterns for a 1.9 µm aluminum film on 3000 µm thick fused silica are 

shown in Fig. 3.6. Patterns like that in Fig. 3.6a typically appear at lower laser fluence 

(0.07 J /mm2) while patterns like that in Fig. 3.6b are representative of higher laser fluence 

(0.140 J/mm2). In fused-silica substrate samples, no substrate damage was observed. 

3.3.2 Effect of Laser Fluence on Film Spallation 

The effect of laser fluence was studied on a sample with test film thickness of 1.0 µm, silicon 

substrate thickness of 600 µm and absorbing layer thickness of 1.0 µm. The YAG laser fl.uence 

was slowly ramped up from 0.056 J/mm2 to 0.084 J/mm2
, 0.112 J/mm2

, and 0.140 J/mm2 

on different spots. Damage was observed for fluence greater than 0.084 J /mm 2. Figure 3. 7 

contains scanning electron microscope ( SEM) pictures showing the development of damage 

patterns with increasing laser fl.uence. More damage was observed with higher laser fluence. 

The effect of laser fluence was also studied for aluminum/fused silica samples. Figure 3.8 

shows the SEM pictures showing the damage development on a 1.0 µm thick test film on 
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Dfdrob 1,58 Cccb`q lc i^pbo cirbk`b lk qeb a^j^db lc ^ /,. ` cg qef`h ^irjfkrj cfij abmlpfqba
lk ^ 4.. \j qef`h pfif`lk pr_pqo^qb8 &^' i^pbo cirbk`b ^q .,.62 H -j j 09 &_' i^pbo cirbk`b ^q
.,//0 H -j j 09 &`' i^pbo cirbk`b ^q .,/2. H -j j 0,
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(a) 

(b) 

(c) 

Figure 3.7: Effect of laser fluence on the damage of a 1.0 µm thick aluminum film deposited 
on a 600 µm thick silicon substrate: ( a) laser fluence at 0.084 J /mm2

; (b) laser :fluence at 
0.112 J/mm2; (c) laser fluence at 0.140 J/mm2

• 
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/3.. mj qef`h crpba+pfif`^ pr_pqo^qb, J^pbo cirbk`b t^p fk`ob^pba colj .,.34 H -j j 0 ql

.,.62 H -j j 0* .,//0 H -j j 0* ^ka .,/2. H -j j 0, B^j^db t^p ^ipl l_pbosba clo i^pbo cirbk`b

dob^qbo qe^k .,.62 H -j j 0, Klob a^j^db t^p dbkbo^qba ^q efdebo i^pbo cirbk`b,

1,1,1 Cccb`q lc Rbpq Dfij Ref`hkbpp lk Dfij Qm^ii^qflk

Reb bccb`q lc qbpq cfij qef`hkbpp t^p cfopq fksbpqfd^qba clo p^jmibp tfqe ^ `lkpq^kq pfif`lk

pr_pqo^qb qef`hkbpp lc 2.. mj * ^irjfkrj ^_plo_fkd i^vbo lc .,4 -fj * ^ka t^qbodi^pp qef`hkbpp

l c { 0 . mj , Reobb afccbobkq qbpq cfij qef`hkbppbpà .,2 mj * /,2 mj ^ka 0,. mjàtbob pqrafba

^q crii W?E mltbo, Qm^ii^qflk t^p l_pbosba ^q qeb qbpq cfij clo ^ii qeobb p^jmibp &Dfd, 1,7',

Reb buqbkq lc qeb a^j^db pqolkdiv abmbkap lk qe b cfij qef`hkbpp, Reb pm^ii^qflk m^qqbokp

lc qeb cfij fk Dfd, 1,7 fkaf`^qb qe^q clo qeb p^jb pr_pqo^qb qef`hkbpp* p^jb ^_plo_fkd i^vbo*

^ka p^jb W?E i^pbo mltbo* qeb buqbkq l c a^j^db fp i^odbo clo qef`hbo cfijp, Refp obpriq fp

`lkpfpqbkq t fqe bumb`q^qflkp colj Cn, &1 ,3'* f,b,* ^ qef`hbo cfij &i^odbo b& e^p i^odbo fkqboc^`b

pqobpp,

Reb bccb`q lc cfij qef`hkbpp fp ^ipl bu^j fkba lk ^ /3.. mj qef`h crpba+pfif`^ pr_pqo^qb

t fqe qtl afccbobkq cfij qef`hkbppbp* .,1 mj ^ka .,7 mj , Reb a^j^db m^qqbokp lc qeb cfijp ^q

qtl i^pbo cirbk`bp .,.62 H -j j 0 ^ka .,/2. H -j j 0 ^ob peltk fk Dfdp, 1,/. ^ka 1,//, Dlo _lqe

cfij qef`hkbppbp* jlob a^j^db l``rooba ^q efdebo i^pbo cirbk`b, @rq ^q qeb p^jb i^pbo cirbk`b*

qeb qtl cfijp pelt nrfqb afccbobkq a^j^db m^qqbokp, Mk qeb .,1 mj qef`h cfij* a^j^db fp

absbilmba ^p j^kv pqo^fdeq+pfaba _ifpqbop* tefib qeb ^ob^ _bqtbbk qelpb pqo^fdeq+pfaba _ifpqbop

obj^fkp ^qq^`eba ql qeb pr_pqo^qb, Gk qeb .,7 mj qef`h cfij* qeb _ifpqboba ^ob^ fp jr`e i^odbo

t fqe afpqfk`q âcfkdbo+ifhbä obdflkp, Reb krj_bo lc cfkdbop fk`ob^pbp t fqe fk`ob^pfkd i^pbo

cirbk`b, ? mlppf_ib bumi^k^qflk fp qe^q clo qeb qef`hbo qbpq cfijp* efdebo fkqboc^`b pqobpp fp

dbkbo^qba9 qerp ^ i^odbo ^ob^ fp abi^j fk^qba ^ka ifcqba lcc, Dlo qeb p^jb cfij qef`hkbpp ^q

efdebo i^pbo cirbk`b* jlob bkbodv fp pqloba fk qeb cfij * obpriqfkd fk jlob _ifpqbofkd,

Pbpfar^i pqobpp fk qeb cfijp t^p abqboj fkba rpfkd t^cbo `ros^qrob jb^probjbkqp &?mmbkafu

A', Reb obpfar^i pqobpp fk qeb qbpq cfijp t^p pifdeqiv qbkpfib* _rq sbov ilt clo ^ii qef`hkbppbp

31
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1500 µm thick fused-silica substrate. Laser ftuence was increased from 0.056 J/mm2 to 

0.084 J/mm2, 0.112 J/mm2, and 0.140 J/mm2
. Damage was also observed for laser fluence 

greater than 0.084 J/mm2. More damage was generated at higher laser fluence. 

3.3.3 Effect of Test Film Thickness on Film Spallation 

The effect of test film thickness was first investigated for samples with a constant silicon 

substrate thickness of 400 µm, aluminum absorbing layer of 0.6 µm, and waterglass thickness 

of ~20 µm. Three different test film thicknesses-0.4 µm, 1.4 µm and 2.0 µm-were studied 

at full YAG power. Spallation was observed at the test film for all three samples (Fig. 3.9). 

The extent of the damage strongly depends on the film thickness. The spallation patterns 

of the film in Fig. 3.9 indicate that for the same substrate thickness, same absorbing layer, 

and same YAG laser power, the extent of damage is larger for thicker films. This result is 

consistent with expectations from Eq. (3.5), i.e., a thicker film (larger h) has larger interface 

stress. 

The effect of film thickness is also examined on a 1500 µm thick fused-silica substrate 

with two different film thicknesses, 0.3 µm and 0.9 µm. The damage pa.t terns of the films at 

two laser fluences 0.084 J/mm2 and 0.140 J/mm2 are shown in Figs. 3.10 and 3.11. For both 

film thicknesses, more damage occurred at higher laser fl.uence. But at the same laser fl.uence, 

the two films show quite different damage patterns. On the 0.3 µm thick film, damage is 

developed as many straight-sided blisters, while the area between those straight-sided blisters 

remains attached to the substrate. In the 0.9 µm thick film, the blistered area is much larger 

with distinct ••finger-like" regions. The number of fingers increases with increasing laser 

fl.uence. A possible explanation is that for the thicker test films, higher interface stress is 

generated; thus a larger area is delaminated and lifted off. For the same film thickness at 

higher laser fluence, more energy is stored in the film, resulting in more blistering. 

Residual stress in the films was determined using wafer curvature measurements (Appendix 

C). The residual stress in the test films was slightly tensile, but very low for all thicknesses 
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Dfdrob 1,68 Cccb`q l c i^pbo cirbk`b lk qeb a^j^db lc ^ /,. `rg qef`h ^irjfkrj cfij abmlpfqba
lk ^ /3.. jcg qef`h crpba pfif`^ pr_pqo^qb8 &^' i^pbo cirbk`b ^q .,.62 H -jj 09 &_' i^pbo cirbk`b
^q .,//0 H -j j 09 &`' i^pbo cirbk`b ^q .,/2. H -j j 0,
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Figure 3.8: Effect of laser fluence on the damage of a 1.0 µm thick aluminum film deposited 
on a 1500 µm thick fused silica substrate: (a) laser fluence at 0.084 J/mm2; (b) laser fluence 
at 0.112 J/mm2; (c) laser fluence at 0.140 J/mm2• 
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&`'

Dfdrob 1,78 Cccb`q lc qbpq cfij qef`hkbpp clo ^irjfkrj cfij abmlpfqba lk ^ 2.. ` c g pfif`lk
p^jmib8^irjfkrj &^' ^irjfkrj cfij qef`hkbpp ; .,2 mqj9 &_' ^irjfkrj cfij qef`hkbpp ;
/,2 m f 9 &`' ^irjfkrj cfij qef`hkbpp ; 0,. --j ,
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(a) (b) 

(c) 

Figure 3.9: Effect of test film thickness for aluminum film deposited on a 400 µm silicon 
sample:aluminum (a) aluminum film thickness = 0.4 µm; (b) aluminum film thickness = 
1.4 µm; ( c) aluminum film thickness= 2.0 µm. 
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&4.+/3. KN^', Rerp qeb `e^kdbp fk a^j^db m^qqbokp tbob plibiv arb ql qeb qbkpfib pqobpp

dbkbo^qba ^q qeb fkqboc^`b, Fltbsbo* qeb l_pbos^qflk lc _ifpqbo+ifhb c^firob fp afccbobkq colj

qeb `o^`hfkd c^firob qe^q fp rpr^iiv ^ppl`f^qba tfqe _ofqqib cfijp rkabo obpfar^i qbkpflk Y37[,

1,1,2 Cccb`q lc Qr_pqo^qb Ref`hkbpp lk Dfij Qm^ii^qflk

Rl pqrav qeb bccb`q lc pr_pqo^qb qef`hkbpp lk cfij c^firob* p^jmibp tbob c^_of`^qba rpfkd pfif`lk

t^cbop lc qef`hkbpp 2.. mj * 3.. mj * 5.. mj * ^ka 1... mj tefib hbbmfkd qeb ^_plo_fkd i^vbo

qef`hkbpp ^q /,. mj , Qbsbo^i afccbobkq qbpq cfij qef`hkbppbpà.,4 mj * /,. mj * /,3 mj * ^ka

1,.mjàtbob pqrafba pbnrbkqf^iiv clo b^`e lc qe b afccbobkq pr_pqo^qb qef`hkbppbp, Reb obpriqp

^ob prjj^ofwba fk R^_ib 1,/, ?q crii W?E mltbo* pm^ii^qflk ^it^vp l``rooba clo qeb qefkkbpq

.,4 mj cfij lk qe b 2.. mj ^ka 3.. mj pr_pqo^qbp, Ll pm^ii^qflk t^p l_pbosba clo qeb .,4 mj

cfij lk qeb 5.. mj ^ka 1... mj pr_pqo^qb, Dlo qeb qef`hbo /,. mj cfij * pm^ii^qflk l``rooba

clo ^ii lc qeb 2.. mj ^ka 3.. mj pr_pqo^qb p^jmibp* clo lkiv ^ cbt p^jmibp t fqe 5.. mj

pr_pqo^qb* ^ka clo kl p^jmibp t fqe ^ 1... mj pr_pqo^qb, ?cqbo fk`ob^pfkd qeb cfij qef`hkbpp

ql /,3 mj * pm^ii^qflk t^p l_pbosba clo ^ii 2.. mj * 3.. mj * ^ka 5.. mj pr_pqo^qb p^jmibp

_rq klq clo qeb 1... mj pr_pqo^qb, Dfk^iiv* clo ^ cfij qef`hkbpp lc 1,. mj * pljb pm^ii^qflk

^mmb^oba lk qeb 1... mj p^jmib,

Reobb afccbobkq qef`hkbppbp l c qeb crpba+pfif`^ pr_pqo^qb p^jmibpà /3.. mj * 1... mj ^ka

4... mjà tbob ^ipl fksbpqfd^qba, Dlo ^k ^irjfkrj qbpq cfij qef`hkbpp lc /,. mj * cfij

pm^ii^qflk t^p l_pbosba clo qeb /3.. mj crpba+pfif`^ pr_pqo^qb ^q ^ii i^pbo cirbk`bp dob^qbo

qe^k .,.34 H -j j 0, Ll a^j^db t^p l_pbosba lk qeb 1... mj ^ka 4... mj p^jmibp obd^oaibpp

lc cirbk`b, Uebk ^ qef`hbo qbpq cfij lc /,6 mj t^p rpba* erdb ^jlrkqp lc cfij a^j^db tbob

l_pbosba lk qeb /3.. mj p^jmib ^q sbov ilt W?E mltbo, ? qfks ^ob^ lc cfij c^fiba lk qeb

1... mj p^jmib rkabo crii W?E mltbo &i^pbo cirbk`b lc .,/2. H -j j 0'* tefib kl a^j^db t^p

l_pbosba fk qeb qbpq cfij abmlpfqba lk qeb 4... mj pr_pqo^qb* bsbk ^q crii mltbo,

34
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(60-150 MPa). Thus the changes in damage patterns were solely due to the tensile stress 

generated at the interface. However, the observation of blister-like failure is different from 

the cracking failure that is usually associated with brittle films under residual tension [59]. 

3.3.4 Effect of Substrate Thickness on Film Spallation 

To study the effect of substrate thickness on film failure, samples were fabricated using silicon 

wafers of thickness 400 µm, 500 µm, 700 µm, and 3000 µm while keeping the absorbing layer 

thickness at 1.0 µm. Several different test film thicknesses-0.6 µm, 1.0 µm, 1.5 µm, and 

3.0µm-were studied sequentially for each of the different substrate thicknesses. The results 

are summarized in Table 3.1. At full YAG power, spallation always occurred for the thinnest 

0.6 µm film on the 400 µm and 500 µm substrates. No spallation was observed for the 0.6 µm 

film on the 700 µm and 3000 µm substrate. For the thicker 1.0 µm film, spallation occurred 

for all of the 400 µm and 500 µm substrate samples, for only a few samples with 700 µm 

substrate, and for no samples with a 3000 µm substrate. After increasing the film thickness 

to 1.5 µm, spallation was observed for all 400 µm, 500 µm, and 700 µm substrate samples 

but not for the 3000 µm substrate. Finally, for a film thickness of 3.0 µm, some spallation 

appeared on the 3000 µm sample. 

Three different thicknesses of the fused-silica substrate sarnples-1500 µm, 3000 µm and 

6000 µm-were also investigated. For an aluminum test film thickness of 1.0 µm, film 

spallation was observed for the 1500 µm fused-silica substrate at all laser :fluences greater 

than 0.056 J/mm2. No damage was observed on the 3000 µm and 6000 µm samples regardless 

of fluence. When a thicker test film of 1.8 µm was used, huge amounts of film damage were 

observed on the 1500 µm sample at very low YAG power. A tiny area of film failed on the 

3000 µm sample under full YAG power (laser fluence of 0.140 J/mm2), while no damage was 

observed in the test film deposited on the 6000 µm substrate, even at full power. 
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Dfdrob 1,/.8 B^j^db absbilmjbkq clo ^ .,1 -fj qef`h ^irjfkrj cfij abmlpfqba lk /3.. -rj
qef`h crpba pfif`^ pr_pqo^qb8 &^' i^pbo cirbk`b ^q .,.62 H -j j 09 &_' i^pbo cirbk`b ^q
.,/2. H -j j 0,
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(a) 

(b) 

Figure 3.10: Damage development for a 0.3 µm thick aluminum film deposited on 1500 µm 
thick fused silica substrate: (a) laser fl.uence at 0.084 J/mm2; (b) laser fl.uence at 
0.140 J/mm2

• 
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Dfdrob 1,//8 B^j^db absbilmjbkq clo ^ .,7 -rj qef`h ^irjfkrj cfij abmlpfqba lk /3.. `cg
qef`h crpba pfif`^ pr_pqo^qb8 &^' i^pbo cirbk`b ^q .,.62 H -j j 09 &_' i^pbo cirbk`b ^q
.,/2. H -j j 0,
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(a) 

(b) 

Figure 3.11: Damage development for a 0.9 µm thick aluminum film deposited on 1500 µm 
thick fused silica substrate: (a) laser fluence at 0.084 J/mm2; (b) laser fluence at 
0.140 J/mm2

• 
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R^_ib 1,/8 Cccb`q lc ^irjfkrj cfij -pfif`lk pr_pqo^qb qef`hkbpp lk pm^ii^qflk ,

Rbpq cfij qef`hkbpp
Qr_pqo^qb qef`hkbpp

2.. ` cg 3.. ` cg 5.. ` cg 1... `cg
.,4 ` cg Wbp Wbp Ll Ll
/,. ` cg Wbp Wbp Wbp Ll
/,3 `dj Wbp Wbp Wbp Ll
1,. ` cg à à } Wbp

Llqb8 Wbp jb^kp pljb pm^ii^qflk fp l_pbosba9 Ll jb^kp kl pm^ii^qflk ^ q ^ii,

1,1,3 M_pbos^qflk lc @^`hpfab ?_i^qflk

@bpfabp qeb a^j^db dbkbo^qba lk qeb qbpq cfij * a^j^db m^qqbokp tbob ^ipl l_pbosba lk qeb

_^`hpfab lc qeb pr_pqo^qbp, Brofkd qeb bumbofj bkq* qeb bkbodv colj qeb W?E i^pbo mripb

`^rpbp jbiqfkd* s^mlofw^qflk ^ka slirjb bum^kpfflk lc qeb ^_plo_fkd i^vbo, Reb bum^kpflk

lc qeb ^irjfkrj ^_plo_fkd i^vbo fp ifj fqba _v qeb `lkcfkfkd i^vbo ^ka pr_pqo^qb* ^ka qerp

dbkbo^qbp ^ efde+^jmifqrab pqobpp mripb, ? p ^ obpriq* ^ abbm `o^qbo fp ibcq lk qe b pr_pqo^qb

fk qeb ^ob^ bumlpba _v qeb W?E i^pbo mripb, Reb ^_i^qflk m^qqbokp ^ob pqolkdiv ^ccb`qba

_v W?E mltbo ibsbi ^ka qeb `lkcfkfkd i^vbo &t^qbodi^pp' qef`hkbpp, Dfdrob 1,/0 `lkq^fkp pfu

lmqf`^i melqldo^mep lc `o^qbop lk qeb crpba pfif`^ pr_pqo^qbp tfqe qeobb afccbobkq t^qbodi^pp

`lkcfkfkd i^vbo qef`hkbppbpà1. `d+hc) /. `cj ^ka 2 ` cgà^q qtl W?E i^pbo mltbop, Dlo qeb

p^jmibp t fqe 1. dj ^ka /. \j qef`h t^qbodi^pp `lkcfkfkd i^vbop* j^kv m^o^iibi ifkbp tbob

ibcq lk qeb crpba pfif`^ pr_pqo^qbp, Klob ifkbp ^ob ^ppl`f^qba tfqe ^ qef`hbo `lkcfkfkd i^vbo

^ka efdebo W?E mltbo, Dlo qeb p^jmibp t fqe ^ 2 `nj qef`h t^qbodi^pp i^vbo* kl ifkbp tbob

l_pbosba,

Reb abmqe lc qeb `o^qbo fp jb^proba rpfkd qeb Qil^k BbhR^h1QR pqvirp proc^`b molcfiljb+

qbo jbkqflkba b^oifbo, Reb abmqe molcfib ^ilkd ^ ifkb ^`olpp qeb `o^qbo peltk fk Dfd, 1,/0a

fp milqqba fk Dfd, 1,/1, Reb molcfiljbqbo qo^`b peltp qe^q jlob j^qbof^i fp ^_i^qba colj qeb

pr_pqo^qb kb^o qeb badb lc q eb W?E i^pbo mripb t fqe ^ j^ufjrj abmqe l c ^_lrq /,0 `cg+ Reb

`bkqo^i mloqflk lc qeb `o^qbo fp ci^qqbo* t fqe ^k ^sbo^db abmqe ^_lrq .,0 dj , R e b mevpf`^i

mol`bpp qe^q dbkbo^qbp qebpb `o^qbop ^ka m^o^iibi ifkbp fp rkhkltk, Gq fp kbsboqebibpp `ib^o
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Table 3.1: Effect of aluminum film/silicon substrate thickness on spallation. 

Test film thickness 
Substrate thickness 

400 µm 500 µm 700 µm 3000 µm 
0.6 µm Yes Yes No No 
l.Oµm Yes Yes Yes No 
1.5 µm Yes Yes Yes No 
3.0 µm - - - Yes 

Note: Yes means some spallation is observed; No means no spallation at all. 

3.3.5 Observation of Backside Ablation 

Besides the damage generated on the test film, damage patterns were also observed on the 

backside of the substrates. During the experiment, the energy from the YAG laser pulse 

causes melting, vaporization and volume expansiion of the absorbing layer. The expansion 

of the aluminum absorbing layer is limited by the confining layer and substrate, and thus 

generates a high-amplitude stress pulse. As a result, a deep crater is left on the substrate 

in the area exposed by the YAG laser pulse. The ablation patterns are strongly affected 

by YAG power level and the confining layer (waterglass) thickness. Figure 3.12 contains six 

optical photographs of craters on the fused silica substrates with three different waterglass 

confining layer thicknesses--30 µm, 10 µm and 4 µm-at two YAG laser powers. For the 

samples with 30 µm and 10 µm thick waterglass confining layers, many parallel lines were 

left on the fused silica substrates. More lines are associated with a thicker confining layer 

and higher YAG power. For the samples with a 4 µm thick waterglass layer, no lines were 

observed. 

The depth of the crater is measured using the Sloan DekTak3ST stylus surface profilome­

ter mentioned earlier. The depth profile along a line across the crater shown in Fig. 3.12d 

is plotted in Fig. 3.13. The profilometer trace shows that more material is ablated from the 

substrate near the edge of the YAG laser pulse with a maximum depth of about 1.2 µm. The 

central portion of the crater is flatter, with an average depth about 0.2 µm. The physical 

process that generates these craters and parallel lines is unknown. It is nevertheless clear 
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Figure 3.12: Backside craters on fused silica substrates: ( a, b) 30 µm thick waterglass layer; 
(c, d) 10 µm thick waterglass layer; (e, f) 4 µm thick waterglass layer. (a, c, e) high YAG 
power; (b, d, f) low YAG power. 
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Dfdrob 1,/18 Ao^qbo abmqe ^ppl`f^qba t fqe Dfd, 1,/0a,

qe^q qeb ^_i^qflk m^qqbok t fqe jlob m^o^iibi ifkbp ^ka efdebo abmqe fp ^it^vp ^ppl`f^qba tfqe

dob^qbo t^qbodi^pp qef`hkbpp ^ka jlob qbpq cfij a^j^db,

Reb l_pbos^qflkp l c qeb _^`hpfab `o^qbop lk qeb pr_pqo^qb molsfab bsfabk`b qe^q qeb ^`qr^i

t^sb+dbkbo^qflk jb`e^kfpj cliiltfkd qeb abmlpfqflk lc ^ W?E i^pbo mripb ^q qeb ^_plo_fkd

i^vbo fp fkabba jr`e jlob `ljmif`^qba qe^k qeb qeboj^i+bi^pqf` `^i`ri^qflk ^pprjba fk Ae^m+

qbo 0,

1,1,4 Bfp`rppflk

Dlo _lqe crpba+pfif`^ ^ka pfif`lk pr_pqo^qb p^jmibp* efdebo W?E i^pbo cirbk`b ib^ap ql dob^qbo

^jlrkqp lc a^j^db ql qeb cfij, Ref`hbo qbpq cfijp ^ka qefkkbo pr_pqo^qbp ^ipl ib^a ql

dob^qbo a^j^db, Reb bccb`q lc pr_pqo^qb qef`hkbpp fkaf`^qbp qe^q qebob j^v _b pqolkd pqobpp

^qqbkr^qflk t fqe obpmb`q ql pr_pqo^qb qef`hkbpp, Reb a^j^db l_pbos^qflkp ^ipl obsb^i qe^q

^q efde i^pbo cirbk`b* qebob fp ^ i^odb ^jlrkq lc a^j^db fk qeb pfif`lk pr_pqo^qb arb ql

`ib^s^db, Qfk`b qeb r iqfj ^qb dl^i lc qefp molgb`q fp ql qbpq qeb ^aebpflk _bqtbbk qeb cfij ^ka

pr_pqo^qb* pr_pqo^qb `ib^s^db fp rkabpfo^_ib, Gk qeb crpba+pfif`^ pr_pqo^qb p^jmibp* eltbsbo*

kl pr_pqo^qb a^j^db t^p l_pbosba* fkaf`^qfkd qe^q crpba pfif`^ j^v _b ^ _bqqbo pr_pqo^qb
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Figure 3.13: Crater depth associated with Fig. 3.12d. 

that the ablation pattern with more parallel lines and higher depth is always associated with 

greater waterglass thickness and more test film damage. 

The observations of the backside craters on the substrate provide evidence that the actual 

wave-generation mechanism following the deposition of a YAG laser pulse at the absorbing 

layer is indeed much more complicated than the thermal-elastic calculation assumed in Chap­

ter 2. 

3.3.6 Discussion 

For both fused-silica and silicon substrate samples, higher YAG laser fluence leads to greater 

amounts of damage to the film. Thicker test films and thinner substrates also lead to 

greater damage. The effect of substrate thickness indicates that there may be strong stress 

attenuation with respect to substrate thickness. The damage observations also reveal that 

at high laser fl.uence, there is a large amount of damage in the silicon substrate due to 

cleavage. Since the ultimate goal of this project is to test the adhesion between the film and 

substrate, substrate cleavage is undesirable. In the fused-silica substrate samples, however, 

no substrate damage was observed, indicating that fused silica may be a better substrate 
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j^qbof^i ql pqrav qeb jb`e^kf`p lc qeb i^pbo+pm^ii^qflk qbpq,

1,2 Or^kqfq^qfsb Gkqbocboljbqof` Kb^probjbkq

Or^kqfq^qfsb jb^probjbkqp lc afpmi^`bjbkq* pr_pqo^qb pqobpp* ^ka fkqboc^`b pqobpp tbob l_q^fkba

rpfkd ^ Kf`ebiplk fkqbocboljbqbo* ^p peltk fk Dfd, 1,/, ? qvmf`^i fkqbocboljbqof` pfdk^i jb^+

proba clo ^ /,. ` cg qef`h ^irjfkrj cfij abmlpfqba lk ^ 4.. ` cg qef`h pfif`lk pr_pqo^qb fp

peltk fk Dfd, 1,/2^, Dolj Cnp, &1,0' ^ka &1,1'* qeb afpmi^`bjbkq molcfib lc qeb cfij cobb

proc^`b &Dfd, 1,/2_' fp abqbojfkba colj qeb cofkdb a^q^ &Dfd, 1,/2^', ?p afp`rppba fk Qb`qflk

1,0,0* qeb `ljmobppfsb pr_pqo^qb pqobpp &Dfd, 1,/2`' ^ka qeb pqobpp ^q qeb qbpq cfij fkqboc^`b

^cqbo obcib`qfkd colj qeb cobb proc^`b &Dfd, 1,/2a' ^ob `^i`ri^qba colj Cnp, &1,2' ^ka &1,3'*

obpmb`qfsbiv, Gk qeb a^q^ clo pfif`lk pr_pqo^qb p^jmibp peltk fk Dfd, 1,/2* cfsb cofkdbp absbi+

lmba tfqefk /3 kp* `loobpmlkafkd ql ^ j^ufjrj afpmi^`bjbkq lc /2.. kj, Reb j^ufjrj

`ljmobppfsb pr_pqo^qb pqobpp lc /,5 EN^ t^p ^`efbsba peloqiv ^cqbo qeb t^sb ^oofs^i ^ka qeb

j^ufjrj qbkpfib fkqboc^`b pqobpp lc 4. KN^ l``rooba pifdeqiv i^qbo, Reb ilkd c^ii qfj b fk

Dfd, 1,/2` ib^ap ql lkiv jlabpq qbkpfib il^afkd lc qeb qbpq cfij fkqboc^`b, Bbpmfqb qeb afccbo+

bk`bp _bqtbbk qeb i^pbo mripbp* qef`hkbppbp lc qeb cfij* pr_pqo^qb* ^ka `lkcfkfkd i^vbo* qeb

j^dkfqrabp l c qeb pqobpp fk qeb pfif`lk pr_pqo^qb c^ii fk qeb p^jb o^kdb ^p qelpb obmloqba _v

Wr^k ^ka Ermq^ Y13[,

Gkqbocboljbqof` a^q^ ^ob peltk fk Dfd, 1,/3 clo ^ /,. %+cg qef`h ^irjfkrj cfij abmlpfqba lk

^ 1... ` cg qef`h crpba pfif`^ pr_pqo^qb, Dfdrob 1,/3^ `lkq^fkp qeb o^t cofkdb a^q^, Reb lqebo

cfdrobp pelt qeb obpriqp colj mol`bppfkd qelpb a^q^* k^jbiv qeb ^ppl`f^qba afpmi^`bjbkq ^ka

pqobppbp, Reb cofkdb a^q^ fk Dfd, 1,/3 ^ob pfdkfcf`^kqiv afccbobkq colj qelpb lc qeb pfif`lk

pr_pqo^qb, Reb cofkdbp absbilm lsbo 0. ql 1. kp fk crpba pfif`^* tebob^p fk pfif`lk* qeb crii

t^sbcloj t^p `lkcfkba ql ^ aro^qflk lc ^_lrq /. kp `ljm^o^_ib ql qeb aro^qflk lc qeb W?E

mripb, Gk pfif`lk p^jmibp* qeb pm^`fkd _bqtbbk pr``bppfsb cofkdbp doltp tfqe qfjb9 fk crpba

pfif`^ qeb cofkdbp _b`ljb jlob qfdeqiv pm^`ba, Nlppf_iv jlpq qbiifkd fp qeb l``roobk`b lc
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material to study the mechanics of the laser-spallation test. 

3.4 Quantitative Interferometric Measurement 

Quantitative measurements of displacement, substrate stress, and interface stress were obtained 

using a Michelson interferometer, as shown in Fig. 3.1. A typical interferometric signal mea­

sured for a 1.0 µm thick aluminum film deposited on a 600 µm thick silicon substrate is 

shown in Fig. 3.14a. From Eqs. (3.2) and (3.3), the displacement profile of the film free 

surface (Fig. 3.14b) is determined from the fringe data (Fig. 3.14a). As discussed in Section 

3.2.2, the compressive substrate stress (Fig. 3.14c) and the stress at the test film interface 

after reflecting from the free surface (Fig. 3.14d) are calculated from Eqs. (3.4) and (3.5), 

respectively. In the data for silicon substrate samples shown in Fig. 3.14, five fringes devel­

oped within 15 ns, corresponding to a maximum displacement of 1400 nm. The maximum 

compressive substrate stress of 1.7 GPa was achieved shortly after the wave arrival and the 

maximum tensile interface stress of 60 MPa occurred slightly later. The long fall time in 

Fig. 3.14c leads to only modest tensile loading of the test film interface. Despite the differ­

ences between the laser pulses, thicknesses of the film, substrate, and confining layer, the 

magnitudes of the stress in the silicon substrate fall in the same range as those reported by 

Yuan and Gupta [35]. 

Interferometric data are shown in Fig. 3.15 for a 1.0 /tm thick aluminum film deposited on 

a 3000 µm thick fused silica substrate. Figure 3.15a contains the raw fringe data. The other 

figures show the results from processing those data, namely the associated displacement and 

stresses. The fringe data in Fig. 3.15 are significantly different from those of the silicon 

substrate. The fringes develop over 20 to 30 ns in fused silica, whereas in silicon, the full 

waveform was confined to a duration of about 10 ns comparable to the duration of the YAG 

pulse. In silicon samples, the spacing between successive fringes grows with time; in fused 

silica the fringes become more tightly spaced. Possibly most telling is the occurrence of 
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Dfdrob 1,/28 ? qvmf`^i a^q^ mol`bppfkd `v`ib clo ^ /,. n cg ^irjfkrj cfij abmlpfqba lk ^
4.. `cg qef`h pfif`lk pr_pqo^qb &i^pbo cirbk`b lc .,/2. H -j j 0'8 &^' fkqbocboljbqof` cofkdb
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Figure 3.14: A typical data processing cycle for a 1.0 µm aluminum film deposited on a 
600 µm thick silicon substrate (laser fluence of 0.140 J/mm2): (a) interferometric fringe 
pattern; (b) displacement profile; ( c) substrate stress profile; ( d) interface stress profile. 
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Dfdrob 1,/38 Rvmf`^i a^q^ molcfib clo ^ /,. -qj qef`h ^irj fkrj cfij abmlpfqba lk ^ 1... -fj
qef`h crpba pfif`^ pr_pqo^qb &i^pbo cirbk`b lc .,/2. H -j j 0'8 &^' fkqbocboljbqof` cofkdb m^qqbok*
^oolt mlfkqp ql qrokfkd mlfkq9 &_' afpmi^`bjbkq molcfib9 &`' pr_pqo^qb pqobpp molcfib9 &a'
fkqboc^`b pqobpp molcfib,
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Figure 3.15: Typical data profile for a 1.0 µm thick aluminum film deposited on a 3000 µm 
thick fused silica substrate (laser fluence of 0.140 J /mm2): ( a) interferometric fringe pattern, 
arrow points to turning point; (b) displacement profile; ( c) substrate stress profile; ( d) 
interface stress profile. 
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^ qrokfkd mlfkq &j^ohba _v ^k ^oolt fk Dfd, 1,/3^'* tebob qeb j^qbof^i sbil`fqv `e^kdbp

afob`qflk fk qeb j faaib lc ^ cofkdb,

Re^q qebob fp ^ qrokfkd mlfkq ebob fp prmmloqba _v qeblobqf`^i `lkpfabo^qflkp, Drpba pfif`^

e^p pfdkfcf`^kq klkifkb^o bi^pqf` molmboqfbp* plcqbkfkd ^q `ljmobppfsb pqo^fkp rm ql 3# ^ka

pqfccbkfkd ^q efdebo pqo^fkp, Refp _be^sflo fp tbii al`rjbkqba _v pqrafbp lc pel`hp colj qeb

fjm^`q lc civbo m i^qbp Y07[, Reb qeblov l c qeb absbilmjbkq ^ka pr_pbnrbkq bslirqflk lc pr`e

âtb^h pel`hpä j ^v _b clrka fk pq^ka^oa obcbobk`bp* _+a+) Y30[ ^ka fp prjj^ofwba fk Ae^mqbo

0, ?p bumb`qba colj qeb pel`h ^k^ivpfp* qe b fkfqf^i E^rppf^k pqobpp mripb bslisbp fkql ^ pel`h

ilkd _bclob fq ob^`ebp qeb qbpq cfij, Reb ofpfkd m^oq lc qeb fkfqf^i `ljmobppflk mripb qerp

bslisbp fkql ^ ifkb^o o^jm* ^ `i^ppf` ^``bibo^qflk t^sb, Refp o^jm fp mob`fpbiv te^q fp pbbk

fk Dfd, 1,/3`, Reb pilmb lc qe^q o^jm &fk rkfqp lc pqobpp mbo qfj b-qef`hkbpp' fp ^ j^qbof^i

m^o^jbqbo ^ka fp qe b p^jb ^p qe^q obmloqba _v @^ohbo ^ka Fliibk_^`e Y3/[, Reb c^iifkd m^oq

lc qeb pqobpp mripb bslisbp fk ^ sbov afccbobkq j^kkbo, Reb q^fi lc qeb fkfqf^i mripb molm^d^qbp

jlob nrf`hiv qe^k albp qeb mb^h, Gq lsboq^hbp qeb mb^h fk ^ qfj b tef`e j^v _b `^i`ri^qba

rpfkd qeb j^qbof^i molmboqfbp ^mm^obkq fk qe b pilmb lc qeb o^jm, ? afp`lkqfkrfqv fk pqobpp &^ka

qebobclob ^ipl fk j^qbof^i sbil`fqv' absbilmp tebk qeb q^ fi lsboq^hbp qeb mb^h, Re^q prccf`fbkq

qfj b e^p l``rooba fk qeb mobpbkq `^pb clo ^ ab`ljmobppflk pel`h ql absbilm fp bsfabkq, ?cqbo

qo^sbifkd qeolrde qe b pr_pqo^qb* qeb ofpfkd colkq badb lc qeb mripb e^p pqobq`eba colj ^_lrq 2,/

kp ql 0. kp lo 1. kp, Reb c^iifkd q^fi+bka l c qeb mripb e^p `ljmobppba _v qeb p^jb ^jlrkq,

?k fkfqf^i c^ii qfj b lc ^ cbt k^klpb`lkap e^p qebobclob _bbk obar`ba ql kb^oiv wbol ^ka

l``rop ilkd _bclob qeb mripb ^oofsbp ^q qeb qbpq cfij , Reb bumbofjbkq^i mf`qrob fp `ljmif`^qba

pljbte^q _v qeb mobpbk`b lc ^ qbkpfib t^sb* obcib`qba colj qeb _^`h lc qeb `lkcfkfkd i^vbo,

Reb proc^`b molmboqfbp lc qe^q `lkcfkfkd i^vbo ^ob klq tbii `lkqoliiba, ?pprjfkd ^ mi^rpf_ib

ilkdfqrafk^i t^sb pmbba fk qeb `lkcfkfkd i^vbo* qe b lofdfk^i `ljmobppfsb mripb fp cliiltba*

^_lrq 1. kp i^qbo* _v ^ qbkpfib mripb lc `ljm^o^_ib j^dkfqrab, @bfkd qbkpfib* fq molm^d^qbp

c^pqbo qe^k qeb mb^h `ljmobppfsb pqobpp* ^ka c^pqbo qe^k qeb ilt pqobpp q^fi lc qeb j^fk mripb,

Gq bsbkqr^iiv lsboq^hbp qeb `ljmobppfsb mripb ^ka ifkb^o afppfm^qfsb jb`e^kfpjp dlsbok qeb
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a turning point (marked by an arrow in Fig. 3.15a), where the material velocity changes 

direction in the middle of a fringe. 

That there is a turning point here is supported by theoretical considerations. Fused silica 

has significant nonlinear elastic properties, softening at compressive strains up to 5% and 

stiffening at higher strains. This behavior is well documented by studies of shocks from the 

impact of flyer plates {29]. The theory of the development and subsequent evolution of such 

"weak shocks" may be found in standard references, e.g., [52] and is summarized in Chapter 

2. As expected from the shock analysis, the initial Gaussian stress pulse evolves into a shock 

long before it reaches the test film. The rising part of the initial compression pulse thus 

evolves into a linear ramp, a classic acceleration wave. This ramp is precisely what is seen 

in Fig. 3.15c. The slope of that ramp (in units of stress per time/thickness) is a material 

parameter and is the same as that reported by Barker and Hollenbach [51]. The falling part 

of the stress pulse evolves in a very different manner. The tail of the initial pulse propagates 

more quickly than does the peak. It overtakes the peak in a time which may be calculated 

using the material properties apparent in the slope of the ramp. A discontinuity in stress ( and 

therefore also in material velocity) develops when the tail overtakes the peak. That sufficient 

time has occurred in the present case for a decompression shock to develop is evident. After 

traveling through the substrate, the rising front edge of the pulse has stretched from about 4.1 

ns to 20 ns or 30 ns. The falling tail-end of the pulse has compressed by the same amount. 

An initial fall time of a few nanoseconds has therefore been reduced to nearly zero and 

occurs long before the pulse arrives at the test film. The experimental picture is complicated 

somewhat by the presence of a tensile wave, reflected from the back of the confining layer. 

The surface properties of that confining layer are not well controlled. Assuming a plausible 

longitudinal wave speed in the confining layer, the original compressive pulse is followed, 

about 30 ns later, by a tensile pulse of comparable magnitude. Being tensile, it propagates 

faster than the peak compressive stress, and faster than the low stress tail of the main pulse. 

It eventually overtakes the compressive pulse and linear dissipative mechanisms govern the 
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cfk^i qef`hkbpp lc qeb pel`h, Gk Dfd, 1,/3* qeb pel`h fp cliiltba _v ^ obdfjb fk tef`e qeb

sbil`fqv e^p `e^kdba pfdk fkaf`^qfkd qe^q qeb qbkpfib mripb e^p lsboq^hbk qeb `ljmobppflk

mripb, Reb ab`ljmobppflk pel`h fp bpmb`f^iiv _bkbcf`f^i clo qbkpfib qefk cfij qbpqp* tebob qeb

lmqfj^i `ljmobppfsb mripb lrdeq ql e^sb ^ o^mfa c^ii qfj b Y14[,

Spfkd qebpb a^q^ ^`nrfpfqflk ^ka mol`bppfkd mol`barobp* ^ i^odb krj_bo l c qbpqp tbob

mboclojba lk _lqe pfif`lk ^ka crpba pfif`^ p^jmibp, Reb bccb`qp lc i^pbo mltbo* pr_pqo^qb

qef`hkbpp* cfij qef`hkbpp ^ka `lkcfkfkd i^vbo qef`hkbpp tbob fksbpqfd^qba ^ka qeb obpriqp ^ob

prjj^ofwba _bilt,

1,2,/ Cccb`q lc J^pbo Dirbk`b

Reb bccb`q lc i^pbo cirbk`b t^p pqrafba lk ^ p^jmib t fqe ^ qbpq cfij qef`hkbpp lc /,/ ` cg) crpba+

pfif`^ pr_pqo^qb qef`hkbpp lc 1... `cg) ^_plo_fkd i^vbo qef`hkbpp l c .,2 ` cg ^ka `lkcfkfkd i^vbo

qef`hkbpp lc { 0 . ` cg+ Reb W?E i^pbo cirbk`b t^p pqbmmba colj .,.34 H -j j 0 ql .,/2. H -j j 0

^p qeb W?E i^pbo t^p jlsba ql afccbobkq mlpfqflkp lk qeb p^jmib, Dfd, 1,/4 peltp qeb absbi+

lmjbkq lc pqobpp t fqe fk`ob^pfkd i^pbo mltbo, ?p i^pbo cirbk`b fk`ob^pbp* qeb j^ufjrj

`ljmobppfsb pr_pqo^qb pqobpp ^ipl fk`ob^pbp, ?q .,.34 H -j j 0 i^pbo cirbk`b* qe b j^ufjrj

pr_pqo^qb pqobpp lc .,06 EN^ fp ^`efbsba fk ^ ofpb qfj b lc /6 kp9 tefib clo .,/2. H -j j 0 i^pbo

cirbk`b ^ j^ufjrj pr_pqo^qb pqobpp lc .,4 EN^ fp l_q^fkba fk 06,3 kp, Reb efdebo j^ufjrj

pqobpp ^it^vp l``rop ^q i^qbo qfj bp ^ka fp ^mmolufj^qbiv molmloqflk^i ql qeb i^pbo cirbk`b,

Reb pel`h molcfibp fk Dfd, 1,/4 ^ob `lkpfpqbkq tfqe qe b klkifkb^o _be^sflo l c crpba pfif`^,

Reb pilmb lc qeb o^jm fp cfqqba _v ^ ifkb^o crk`qflk, Reb ^sbo^db pilmb lc qeb pqobpp o^jmp*

+.,.04 EN^-kp* fp `ilpb ql qeb qeblobqf`^i s^irb* +.,.06 E N^ -k p* l_q^fkba rpfkd @^ohboåp j ^qb+

of^i m^o^jbqbop Y3/[, Dolj qebpb pqobpp molcfibp* ^k bccb`qfsb t^sb pmbba `^k _b buqo^`qba ^p

^ crk`qflk lc pqobpp, Reb efdebo `ljmobppfsb pqobppbp ^oofsb i^qbo _b`^rpb efdebo `ljmobp+

pflk jb^kp piltbo t^sbp, Reb `loobpmlkafkd qbkpfib fkqboc^`b pqobpp `^k _b bpqfj ^qba colj

Dfd, 1,/4 ^p abp`of_ba mobsflrpiv, Reb j^ufjrj fkqboc^`b pqobppbp ^ob 0.. KN^* /.. KN^*

13. KN^ ^ka 2.. KN^ clo .,.34 H -jj 0* .,.62 H -j j 0* .,//0 H -j j 0 ^ka .,/2. H -j j 0 i^pbo
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final thickness of the shock. In Fig. 3.15, the shock is followed by a regime in which the 

velocity has changed sign indicating that the tensile pulse has overtaken the compression 

pulse. The decompression shock is especially beneficial for tensile thin film tests, where the 

optimal compressive pulse ought to have a rapid fall time [36]. 

Using these data acquisition and processing procedures, a large number of tests were 

performed on both silicon and fused silica samples. The effects of laser power, substrate 

thickness, film thickness and confining layer thickness were investigated and the results are 

summarized below. 

3.4.1 Effect of Laser Fluence 

The effect of laser fl.uence was studied on a sample with a test film thickness of 1.1 µm, fused­

silica substrate thickness of 3000 µm, absorbing layer thickness of 0.4 µm and confining layer 

thickness of ~20 µm. The YAG laser fluence was stepped from 0.056 J/mm2 to 0.140 J/mm2 

as the YAG laser was moved to different positions on the sample. Fig. 3.16 shows the devel­

opment of stress with increasing laser power. As laser fluence increases, the maximum 

compressive substrate stress also increases. At 0.056 J/mm2 laser fluence, the maximum 

substrate stress of 0.28 GPa is achieved in a rise time of 18 ns; while for 0.140 J /mm2 laser 

fluence a maximum substrate stress of 0.6 GPa is obtained in 28.5 ns. The higher maximum 

stress always occurs at later times and is approximately proportional to the laser fl.uence. 

The shock profiles in Fig. 3.16 are consistent with the nonlinear behavior of fused silica. 

The slope of the ramp is fitted by a linear function. The average slope of the stress ramps, 

-0.026 GPa/ns, is close to the theoretical value, -0.028 GPa/ns, obtained using Barker's mate­

rial parameters [51]. From these stress profiles, an effective wave speed can be extracted as 

a function of stress. The higher compressive stresses arrive later because higher compres­

sion means slower waves. The corresponding tensile interface stress can be estimated from 

Fig. 3.16 as described previously. The maximum interface stresses are 200 MPa, 100 MPa, 

350 MPa and 400 MPa for 0.056 J/mm 2
, 0.084 J/mm2, 0.112 J/mm2 and 0.140 J/mm2 laser 
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Dfdrob 1,/48 Cccb`q lc i^pbo cirbk`b clo ^ /,/ -rj qef`h ^irjfkrj cfij abmlpfqba lk ^ 1... -rok
qef`h crpba pfif`^ pr_pqo^qb t fqe .,2 -rj qef`h ^_plo_fkd i^vbo,

cirbk`b* obpmb`qfsbiv, Rebpb krj_bop ^ob l_q^fkba _v krjbof`^i afccbobkqf^qflk lc qeb a^q^

fk Dfd, 1,/4 ^ka ^ob pljbte^q fjmob`fpb, Msbo^ii* qeb j^ufjrj fkqboc^`b pqobpp fk`ob^pbp

t fqe fk`ob^pfkd i^pbo cirbk`b,

Reb bccb`q lc i^pbo cirbk`b t^p ^ipl pqrafba lk ^ 4.. -rok qef`h pfif`lk t^cbo tfqe ^ /,/ -rok

qef`h qbpq cfij * .,2 -uj ^_plo_fkd i^vbo ^ka `lkcfkfkd i^vbo lc { 0 . -rok, ?p W?E i^pbo cirbk`b

fk`ob^pba colj .,.34 H -j j 0 ql .,/2. H -j j 0 * qeb j^ufjrj `ljmobppfsb pr_pqo^qb pqobpp

fk`ob^pba colj .,5 EN^ ql 0,1 EN^* ^ka fk ^ii `^pbp l``rooba ^q ^mmolufj^qbiv qeb p^jb

qfj b ^cqbo qeb t^sbåp fk fqf^i ^oofs^i* ^_lrq 1,3 kp* `ljm^o^_ib ql qeb ofpb qfj b lc qeb i^pbo

mripb, Reb `loobpmlkafkd j^ufjrj qbkpfib fkqboc^`b pqobpp ^ipl fk`ob^pba colj 4. KN^

ql /.. KN^, Qfdkfcf`^kq a^j^db l``rooba ql qeb pfif`lk pr_pqo^qb clo i^pbo cirbk`b dob^qbo

qe^k .,.62 H -j j 0, ? iqelrde qeb j^ufjrj pr_pqo^qb pqobpp ^ka j^ufjrj fkqboc^`b pqobpp

fk`ob^pb ^p i^pbo cirbk`b fk`ob^pbp clo _lqe crpba pfif`^ ^ka pfif`lk pr_pqo^qb p^jmibp* qeb a^q^

^ob nrfqb afccbobkq clo qeb qtl hfkap lc p^jmibp, Reb j^ufjrj pr_pqo^qb pqobpp ^ka fkqboc^`b

pqobpp clo qeb pfif`lk p^jmibp tbob ^`efbsba fk ^ sbov peloq qfj b* rpr^iiv t fqe fk 3kp ^cqbo qeb

t^sb ^oofs^i, @rq clo qeb crpba+pfif`^ pr_pqo^qb* qeb ofpb lc qeb j^ufjrj pr_pqo^qb pqobpp ^ka

fkqboc^`b pqobpp t^p piltbo &colj /3 ql 1. kp', Rebpb afccbobk`bp ^ob arb ql qeb absbilmjbkq
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Figure 3.16: Effect of laser fl.uence for a 1.1 µm thick aluminum film deposited on a 3000 µm 
thick fused silica substrate with 0.4 µm thick absorbing layer. 

fl.uence, respectively. These numbers are obtained by numerical differentiation of the data 

in Fig. 3.16 and are somewhat imprecise. Overall, the maximum interface stress increases 

with increasing laser fluence. 

The effect of laser fl.uence was also studied on a 600 µm thick silicon wafer with a 1. 1 µm 

thick test film, 0.4 µm absorbing layer and confining layer of ~20 µm. As YAG laser fluence 

increased from 0.056 J/mm2 to 0.140 J/mm2 , the maximum compressive substrate stress 

increased from 0.7 GPa to 2.3 GPa, and in all cases occurred at approximately the same 

time after the wave's initial arrival, about 3.5 ns, comparable to the rise time of the laser 

pulse. The corresponding maximum tensile interface stress also increased from 60 MPa 

to 100 MPa. Significant damage occurred to the silicon substrate for laser fluence greater 

than 0.084 J/mm2. Although the maximum substrate stress and maximum interface stress 

increase as laser fluence increases for both fused silica and silicon substrate samples, the data 

are quite different for the two kinds of samples. The maximum substrate stress and interface 

stress for the silicon samples were achieved in a very short time, usually within 5ns after the 

wave arrival. But for the fused-silica substrate, the rise of the maximum substrate stress and 

interface stress was slower (from 15 to 30 ns). These differences are due to the development 
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R^_ib 1,08 Cccb`q lc qbpq cfij qef`hkbpp lk òÉ\u ^ka clo crpba pfif`^ p^jmibp ^q j^ufjrj
W?E mltbo &.,/2. H -j j 0',

Dfij qef`hkbpp /,/ ` cg /,23 `cg /,7 `cg

]l<of r%CL[& +. ,4 +. ,5 +. ,6
[ U ruIL[ & 2.. 4.. /...

lc ^ ab`ljmobppflk pel`h fk qeb crpba+pfif`^ pr_pqo^qb, Gk ^aafqflk* qeb pel`h fp obpmlkpf_ib

clo qeb jr`e dob^qbo fkqboc^`b pqobpp fk crpba pfif`^ p^jmibp qe^k fk qeb pfif`lk p^jmibp,

1,2,0 Cccb`q lc Dfij Ref`hkbpp

Reb bccb`q l c qbpq cfij qef`hkbpp t^p pqrafba clo 1... ` cg qef`h crpba+pfif`^ pr_pqo^qb p^j+

mibp, Reobb cfij qe f`hkbppbp+/,/ -rok* /,23 ` cg ^ka /,7. `cj+tbob qbpqba ^q crii i^pbo mltbo

&.,/2. H -j j 0', Reb ^_plo_fkd i^vbo qef`hkbppbp s^ofba _bqtbbk .,2 `d)g ^ka .,32 ` cg clo

qebpb p^jmibp ^ka t^p peltk ql e^sb ifqqib bccb`q, Nobsflrp bumbofjbkqp _v W^kd Y07[ ^ipl

fkaf`^qba qe^q pj^ii s^of^qflkp fk ^_plo_fkd i^vbo qef`hkbpp e^sb ifqqib fjm^`q lk qeb dbkbo+

^qba pqobpp, Reb obpriqp clo qebpb qbpqp ^ob prjj^ofwba fk R^_ib 1,0, Reb j^ufjrj fkqboc^`b

pqobpp t^p clrka ql _b dob^qbo clo qef`hbo cfijp, Reb i^odb fk`ob^pb fk fkqboc^`b pqobpp clo

qeb /,7 ` cg cfij * eltbsbo* j^v _b arb ql fjmbocb`q pqobpp mripb dbkbo^qflk lo fjmob`fpflk

fk qeb jb^probjbkq, ? pj^ii fk`ob^pb fk qeb j^ufjrj pr_pqo^qb pqobpp fp ^ipl jb^proba

clo fk`ob^pfkd cfij qef`hkbpp, Refp ^klj^ilrp fk`ob^pb fp mlppf_iv arb ql bccb`qp lc bu`bppfsb

cfij a^j^db clo qef`hbo cfijp lo s^of^_fifqv fk qe b pqobpp mripb dbkbo^qflk jb`e^kfpj arb ql

s^of^qflkp fk qeb t^qbodi^pp qef`hkbpp,

1,2,1 Cccb`q l c Qr_pqo^qb Ref`hkbpp

Reb bccb`q lc pr_pqo^qb qef`hkbpp t^p fksbpqfd^qba clo _lqe crpba pfif`^ ^ka pfif`lk pr_pqo^qb

p^jmibp t fqe ^ /,/ d̀*j qef`h qbpq cfij ^ka .,2 ` cg qef`h ^_plo_fkd i^vbo, Reb obpriqfkd

j^ufjrj pr_pqo^qb pqobpp ^ka j^ufjrj fkqboc^`b pqobpp s^irbp ^ob prjj^ofwba fk R^_ib 1,1

clo qeobb qef`hkbppbp l c crpba pfif`^ &/3.. --j * 1... ` cg ^ka 4... ` cg& ^ka fk R^_ib 1,2 clo
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Table 3.2: Effect of test film thickness on u:bx and u~tx for fused silica samples at maximum 
YAG power (0.140 J/mm2). 

I Film thickness II 1.1 µm I 1.45 µm I 1.9 µm I 
cr;:/i/(GPa) -0.6 -0.7 -0.8 
cr!'la.x(M Pa) mt 400 600 1000 

of a decompression shock in the fused-silica substrate. In addition, the shock is responsible 

for the much greater interface stress in fused silica samples than in the silicon samples. 

3.4.2 Effect of Film Thickness 

The effect of test film thickness was studied for 3000 µm thick fused-silica substrate sam­

ples. Three film thicknesses-1.l µm, 1.45 µm and 1.90 µm-were tested at full laser power 

(0.140 J/mm2). The absorbing layer thicknesses varied between 0.4 µm and 0.54 µm for 

these samples and was shown to have little effect. Previous experiments by Yang [29] also 

indicated that small variations in absorbing layer thickness have little impact on the gener­

ated stress. The results for these tests are summarized in Table 3.2. The maximum interface 

stress was found to be greater for thicker films. The large increase in interface stress for 

the 1.9 µm film, however, may be due to imperfect stress pulse generation or imprecision 

in the measurement. A small increase in the maximum substrate stress is also measured 

for increasing film thickness. This anomalous increase is possibly due to effects of excessive 

film damage for thicker films or variability in the stress pulse generation mechanism due to 

variations in the waterglass thickness. 

3.4.3 Effect of Substrate Thickness 

The effect of substrate thickness was investigated for both fused silica and silicon substrate 

samples with a 1.1 µm thick test film and 0.4 µm thick absorbing layer. The resulting 

maximum substrate stress and maximum interface stress values are summarized in Table 3.3 

for three thicknesses of fused silica (1500 µm, 3000 µm and 6000 µm) and in Table 3.4 for 
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qeobb qef`hkbppbp lc Qf &2.. `cj* 4.. ` cg ^ka 1... `cg&+ Reb fkqbocboljbqof` a^q^ ^ob pfjfi^o

ql Dfd, 1,/2^ clo b^`e qef`hkbpp lc Qf, Dofkdb m^qqbokp clo crpba pfif`^ ^ob pfjfi^o ql Dfd, 1,/3^,

? ab`ljmobppflk pel`h t^p l_pbosba clo ^ii qeobb qef`hkbppbp lc qeb crpba pfif`^, Dlo _lqe

qvmbp lc p^jmibp* qeb j^ufjrj pr_pqo^qb pqobpp ^ka j^ufjrj fkqboc^`b pqobpp tbob clrka ql

_b iltbo clo dob^qbo pr_pqo^qb qef`hkbpp, Refp l_pbos^qflk fp `lkpfpqbkq tfqe qeb qeblobqf`^i

^k^ivpfp lc qeb t^sb ^qqbkr^qflk mboclojba fk pb`qflk 0,1,

R^_ib 1,18 Cccb`q lc pr_pqo^qb qef`hkbpp lk ^ka lk pfif`lk p^jmibp t fqe ^ /,/ `cg
qef`h ^irjfkrj cfij ^q j^ufjrj W?E mltbo &.,/2. H -j j 0',

Qr_pqo^qb qef`hkbpp )%% ` cg +%% ` cg (%%% `cg
GMHT
QSI +/ ,5 "&#) "%#**

"MHT
[gn &%% -% ,*

R^_ib 1,28 Cccb`q lc pr_pqo^qb qef`hkbpp lk `oÉyu ^ka lk crpba pfif`^ p^jmibp tfqe ^
/,/ ` cg qef`h ^irj fkrj cfij ^q j^ufjrj W?E mltbo &.,/2. H -jj 0',

Qr_pqo^qb qef`hkbpp &*%% `cg (%%% ` cg +%%% `cg
GMHT
QSI "&#' "%#* "%#(

PP#MHTKNR (,% (*% *%

1,2,2 Cccb`q l c Alkcfkfkd J^vbo Ref`hkbpp

?p qeb `lkcfkfkd j^qbof^i* t^qbodi^pp mi^vp ^k fjmloq^kq olib fk `lkqoliifkd qeb pqobpp t^sb

dbkbo^qflk, Uebk ^ W?E i^pbo mripb ob^`ebp qeb ^_plo_fkd i^vbo* qeb praabk bum^kpflk

lc qeb ^_plo_fkd i^vbo molar`bp ^ `ljmobppfsb pqobpp mripb, Reb `lkcfkfkd i^vbo ifj fqp qeb

bum^kpflk lc qeb ^_plo_fkd i^vbo* dbkbo^qfkd ^ jr`e efdebo pqobpp mripb, Reb t^qbodi^pp

qef`hkbpp dob^qiv ^ccb`qp qeb ^jmifqrab lc qeb dbkbo^qba pqobpp mripb fk qeb pr_pqo^qb, N^o^+

jbqof` bumbofjbkqp lk crpba pfif`^ p^jmibp peltba qe^q lkiv clo ^ `boq^fk o^kdb lc t^qbodi^pp

qef`hkbpp `^k ^ pqolkd bklrde pel`h _b absbilmba ^ka molm^d^qba ql qeb qefk+cfij fkqboc^`b,

Qfk`b qeb absbilmjbkq lc qeb pel`h fk crpba pfif`^ `^k dob^qiv bke^k`b qeb fkqboc^`b c^firob*

fq fp abpfo^_ib ql l_q^fk ^ tbii abcfkba pel`h t^sb, Gc qeb t^qbodi^pp fp qll qe fk * kl pel`h
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three thicknesses of Si ( 400 µm, 600 µm and 3000 µm). The interferometric data are similar 

to Fig. 3.14a for each thickness of Si. Fringe patterns for fused silica are similar to Fig. 3.15a. 

A decompression shock was observed for all three thicknesses of the fused silica. For both 

types of samples, the maximum substrate stress and maximum interface stress were found to 

be lower for greater substrate thickness. This observation is consistent with the theoretical 

analysis of the wave attenuation performed in section 2.3. 

Table 3.3: Effect of substrate thickness on o-~~bx and cr[:;fx on silicon samples with a 1.1 µm 
thick aluminum film at maximum YAG power (0.140 J/mm2). 

I Substrate thickness II 400 µm I 600 µm I 3000 µm I 

I :~ II ~~-; I -~0
4 I -~:5 I 

Table 3.4: Effect of substrate thickness on a:tx and a[:;fx on fused silica samples with a 
1.1 µm thick aluminum film at maximum YAG power (0.140 J/mm2). 

I Substrate thickness II 1500 µm I 3000 µm I 6000 µm I 

I :~ II ;~g I ~~~ I -~0
3 I 

3.4.4 Effect of Confining Layer Thickness 

As the confining material, waterglass plays a.n important role in controlling the stress wave 

generation. When a YAG laser pulse reaches the absorbing layer, the sudden expansion 

of the absorbing layer produces a compressive stress pulse. The confining layer limits the 

expansion of the absorbing layer, generating a. much higher stress pulse. The waterglass 

thickness greatly affects the amplitude of the generated stress pulse in the substrate. Para­

metric experiments on fused silica samples showed that only for a certain range of waterglass 

thickness can a strong enough shock be developed and propagated to the thin-film interface. 

Since the development of the shock in fused silica can greatly enhance the interface failure, 

it is desirable to obtain a well defined shock wave. If the waterglass is too thin, no shock 
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fp abqb`qba bfqebo _b`^rpb kl pel`h fp absbilmba ^q ^ii lo _b`^rpb qeb pel`h fp pl tb^h qe^q

fq ^qqbkr^qba _bclob ob^`efkd qeb cfij fkqboc^`b, Jfqqib lo kl a^j^db l``rop lk qeb cfij,

Gk loabo ql absbilm ^ efde ^jmifqrab pel`h ql c^fi qeb qefk+cfij fkqboc^`b ^ka ^``ro^qbiv

bpqfj ^qb fkqboc^`f^i pqobkdqe* afccbobkq pr_pqo^qb qef`hkbpp obnrfob afccbobkq lmqfj^i `lkcfkfkd

i^vbo qef`hkbpp,

Dlo ^ 1... `rg qef`h crpba+pfif`^ pr_pqo^qb* ^ t^qbodi^pp qef`hkbpp dob^qbo qe^k 6 `rg

fp kbbaba ql absbilm ^ pel`h tfqe efde bklrde ^jmifqrab ql c^fi qe b fkqboc^`b, Ref`hbo

t^qbodi^pp obpriqp fk efdebo pr_pqo^qb ^ka fkqboc^`b pqobpp* ^ka dob^qbo cfij a^j^db, Dlo

t^qbodi^pp qef`hkbpp ibpp qe^k 6 -rj* kl pel`h t^p jb^proba ^ka ifqqib a^j^db t^p l_pbosba

lk qeb qbpq cfij , Dfdrobp 1,/5 ^ka 1,/6 `lkq^fk fkqbocboljbqof` a^q^ l_q^fkba clo ^ /,6 ,rg

qef`h ^irj fkrj cfij abmlpfqba lk ^ 1... `rj qef`h crpba+pfif`^ pr_pqo^qb tfqe t^qbodi^pp

qef`hkbpp l c 1. `rg ^ka 6 -rok* obpmb`qfsbiv,

Dlo qeb p^jmib tfqe ^ 1. ,rg qef`h t^qbodi^pp i^vbo* qeb cofkdb qrokfkd mlfkq l``rop 04 kp

^cqbo qeb t^sb ^oofs^i, Klob qe^k 1 crii cofkdbp tbob absbilmba _bclob qeb cofkdbp qrokba

^ka ^ j ^ufj rj `ljmobppfsb pqobpp l c .,32 EN^ t^p ob^`eba grpq moflo ql qefp mlfkq, Dlo

qeb p^jmib t fqe ^ 6 -fj qef`h t^qbodi^pp i^vbo* qeb qrokfkd mlfkq l``rooba jr`e b^oifbo*

^_lrq /1 kp ^cqbo qeb fkfqf^i t^sb ^oofs^i, Mkiv lkb crii cofkdb absbilmba _bclob qeb qrokfkd

mlfkq ^ka qeb j^ufjrj `ljmobppfsb pqobpp t^p jr`e iltbo* ^_lrq +. ,0 6 EN^, Rebpb a^q^

^ob `lkpfpqbkq t fqe bpqfj^qbp colj crpba pfif`^ j^qbof^i molmboqfbp* iltbo pqobpp qo^sbip c^pqbo

^ka ^oofsbp b^oifbo, Reb /,6 -rj qef`h ^irjfkrj cfij c^fiba lk qeb p^jmib tfqe 1. -^k qef`h

t^qbodi^pp* tefib kl a^j^db l``rooba fk qeb p^jmib tfqe 6 \j qef`h t^qbodi^pp, Fbk`b*

qef`h t^qbodi^pp fp abpfoba clo dbkbo^qflk lc efde pqobpp ^ka cfij c^firob,

Dlo ^ /3.. ,rg qef`h crpba+pfif`^ p^jmib* kl cofkdb qrokfkd mlfkq t^p l_pbosba clo qeb

p^jb o^kdb lc t^qbodi^pp qef`hkbpp &< 6 -rj'* _rq pfdkfcf`^kq a^j^db l``rooba fk qeb qbpq

cfij , ? qvmf`^i fkqbocboljbqof` pfdk^i l_q^fkba clo ^ .,3 `rj ^irj fkrj cfij abmlpfqba lk ^

/3.. %rj crpba+pfif`^ p^jmib tfqe 6 `rj qef`h t^qbodi^pp ^q 6.# lc qeb crii W?E mltbo fp

peltk fk Dfd, 1,/7, U fqefk 2.kp* /. cofkdbp absbilmba `loobpmlkafkd ql ^ qlq^i afpmi^`bjbkq

5.
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is detected either because no shock is developed at all or because the shock is so weak that 

it attenuated before reaching the film interface. Little or no damage occurs on the film. 

In order to develop a high amplitude shock to fail the thin-film interface and accurately 

estimate interfacial strength, different substrate thickness require different optimal confining 

layer thickness. 

For a 3000 µm thick fused-silica substrate, a waterglass thickness greater than 8 µm 

is needed to develop a shock with high enough amplitude to fail the interface. Thicker 

waterglass results in higher substrate and interface stress, and greater film damage. For 

waterglass thickness less than 8 µm, no shock was measured and little damage was observed 

on the test film. Figures 3.17 and 3.18 contain interferometric data obtained for a 1.8 µm 

thick aluminum film deposited on a 3000 µm thick fused-silica substrate with waterglass 

thickness of 30 µm and 8 µm, respectively. 

For the sample with a 30 µm thick waterglass layer, the fringe turning point occurs 26 ns 

after the wave arrival. More than 3 full fringes were developed before the fringes turned 

and a maximum compressive stress of 0.54 GPa was reached just prior to this point. For 

the sample with a 8 µm thick waterglass layer, the turning point occurred much earlier, 

about 13 ns after the initial wave arrival. Only one full fringe developed before the turning 

point and the maximum compressive stress was much lower, about -0.28 GPa. These data 

are consistent with estimates from fused silica material properties, lower stress travels faster 

and arrives earlier. The 1.8 µm thick aluminum film failed on the sample with 30 pm thick 

waterglass, while no damage occurred in the sample with 8 µm thick waterglass. Hence, 

thick waterglass is desired for generation of high stress and film failure. 

For a 1500 µm thick fused-silica sample, no fringe turning point was observed for the 

same range of waterglass thickness (2::: 8 µm), but significant damage occurred in the test 

film. A typical interferometric signal obtained for a 0.5 µm aluminum film deposited on a 

1500 µm fused-silica sample with 8 µm thick waterglass at 80% of the full YAG power is 

shown in Fig. 3.19. Within 40ns, 10 fringes developed corresponding to a total displacement 
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Figure 3.17: Interferometric signal obtained for a 1.8 µm thick aluminum film deposited 
on a 3000 µm thick fused-silica substrate with 30 µm thick waterglass (0.140 J/mm2): (a) 
photodiode output; (b) substrate stress. Arrow points to the position where fringes suddenly 
changed direction. 
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lk ^ 1... ` cg qe f`h crpba+pfif`^ pr_pqo^qb t fqe 3 `cg qef`h t^qbodi^pp &.,/2. H -j j 0'8 &^'
melqlaflab lrqmrq9 &_' pr_pqo^qb pqobpp, ?oolt mlfkqp ql qeb mlpfqflk tebob cofkdbp praabkiv
`e^kdba afob`qflk,
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Figure 3.18: Interferometric signal obtained for a 1.8 µm thick aluminum film deposited 
on a :3000 µm thick fused-silica substrate with 8 µm thick waterglass (0.140 J/mm2): (a) 
photodiode output; (b) substrate stress. Arrow points to the position where fringes suddenly 
changed direction. 
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l c 0,35 Vcg+ Qfdkfcf`^kq cfij a^j^db t^p ^ipl l_pbosba, Gk qeb cfopq 0. kp* qeb cofkdb pm^`fkd

_b`ljbp qfdeqbo ^ka qfdeqbo* fkaf`^qfkd ^``bibo^qflk fk proc^`b sbil`fqv, U fqelrq ^kv afob`+

qflk `e^kdb ^cqbo - + kp* qeb cofkdb pm^`fkd _b`ljbp i^odbo fkaf`^qfkd ^ ab`bibo^qflk fk proc^`b

sbil`fqv, Reb ib^afkd o^jm %n :0. kp fk cfdrob' fk qeb pr_pqo^qb pqobpp molcfib fp `lkpfpqbkq

t fqe qeb afp`rppflk lc qeb fkfqf^i bccb`q lc klkifkb^o bi^pqf`fqv clo crpba pfif`^ pr_pqo^qb &pbb

Qb`qflk 0,2', @b`^rpb qebob fp kl praabk `e^kdb lc sbil`fqv &qrokfkd mlfkq'* ^ka kl ^`qr^i

pel`h* qebob fp ^ pilt ilkd c^ii qfj b lc qeb ^mm^obkq pr_pqo^qb pqobpp, ?iqelrde qeb j^ufjrj

pr_pqo^qb pqobpp fp efde* /,/ EN^* qeb obpriqfkd fkqboc^`b pqobpp fp nrfqb ilt &{ 0 . KN^ clo ^

e^ic jf`olk qef`h qbpq cfij ', ? mlppf_ib bumi^k^qflk clo qeb afp`obm^k`v _bqtbbk buqbkpfsb

a^j^db l_pbos^qflk ^ka ilt fkqboc^`b pqobpp fp qe^q qeb cofkdb a^q^ fp klq obcib`qfkd qeb ^`qr^i

jlsbjbkq l c qeb fkqboc^`b, ?cqbo qeb qbpq cfij abi^j fk^qba colj qeb pr_pqo^qb* qeb cfij hbbmp

jlsfkd clot^oa* tef`e obpriqp fk qeb i^odb krj_bo lc cofkdbp ^ka kl qrokfkd mlfkq, @b`^rpb

qeb fkqboc^`b pqobpp fp molmloqflk^i ql qeb pilmb l c qeb q^fi+bka lc qeb pr_pqo^qb pqobpp t^sb*

qeb cofkdb a^q^ ^ppl`f^qba tfqe buqbkpfsb cfij c^firob ^ob klq obif^_ib clo buqo^`qfkd qeb fkqbo+

c^`b pqobkdqe, Reb ^`qr^i fkqboc^`b pqobpp `lria _b jr`e efdebo qe^k qeb jb^proba s^irb,

Reb bpqfj ^qba pr_pqo^qb pqobpp* eltbsbo* fp ^``ro^qb rkqfi abi^jfk^qfkd,

Dlo qeb p^jb `lkcfkfkd i^vbo qef`hkbpp* bumbofj bkqp tbob ^ipl mboclojba ^q obar`ba W?E

mltbop clo cfijp qef`hbo qe^k .,3 -uj, W?E mltbo l c 2.# &.,.34 H -j j 0' lo _bilt t^p

obnrfoba ql ^slfa buqbkpfsb cfij a^j^db, Uebk lmbo^qba ^q pr`e ^ ilt mltbo* qeb obar`ba

cofkdb `lrkq `^rpbp fk`ob^pba boolo fk a^q^ mol`bppfkd, Pbar`fkd qeb t^qbodi^pp qef`hkbpp fp

^ _bqqbo pqo^qbdv clo ^``ro^qb qefk+cfij fkqboc^`b pqobkdqe `e^o^`qbofw^qflk,

Gk loabo ql cfka qeb lmqfj^i t^qbodi^pp qef`hkbpp clo /3.. -fj qef`h crpba pfif`^ pr_pqo^qbp*

^ pvpqbj ^qf` pqrav lc t^qbodi^pp qef`hkbpp t^p `^oofba lrq, Reb melqlifqeldo^mev pmfkkbo

abp`of_ba fk Qb`qflk 1,0,1 t^p rpba ql pmfk+`^pq qe b t^qbodi^pp i^vbo ^q afccbobkq qef`hkbppbp,

Qmfk+`^pqfkd `lkafqflkp tbob lmqfj fwba _v `lkqoliifkd qeb pmfkkbo pmbba ^ka sfp`lpfqv lc

qeb t^qbodi^pp plirqflk, Reb sfp`lpfqv t^p `lkqoliiba _v afirqfkd qeb ^p ob`bfsba t^qbodi^pp

plirqflk, Reb plirqflk t^p abmlpfqba qeolrde ^ di^pp aolmmbo lkql qeb crpba pfif`^ pr_pqo^qb*
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of 2.57 µm. Significant film damage was also observed. In the first 20 ns, the fringe spacing 

becomes tighter and tighter, indicating acceleration in surface velocity. Without any direc­

tion change after 20 ns, the fringe spacing becomes larger indicating a deceleration in surface 

velocity. The leading ramp (t <20 ns in figure) in the substrate stress profile is consistent 

with the discussion of the initial effect of nonlinear elasticity for fused silica substrate (see 

Section 2.4). Because there is no sudden change of velocity (turning point), and no actual 

shock, there is a slow long fall time of the apparent substrate stress. Although the maximum 

substrate stress is high, 1.1 GPa, the resulting interface stress is quite low ( ~20 MPa for a 

half micron thick test film). A possible explanation for the discrepancy between extensive 

damage observation and low interface stress is that the fringe data is not reflecting the actual 

movement of the interface. After the test film delaminated from the substrate, the film keeps 

moving forward, which results in the large number of fringes and no turning point. Because 

the interface stress is proportional to the slope of the tail-end of the substrate stress wave, 

the fringe data associated with extensive film failure are not reliable for extracting the inter­

face strength. The actual interface stress could be much higher than the measured value. 

The estimated substrate stress, however, is accurate until delaminating. 

For the same confining layer thickness, experiments were also performed at reduced YAG 

powers for films thicker than 0.5 µm. YAG power of 40% (0.056 J/mm2) or below was 

required to avoid extensive film damage. When operated at such a low power, the reduced 

fringe count causes increased error in data processing. Reducing the waterglass thickness is 

a better strategy for accurate thin-film interface strength characterization. 

In order to find the optimal waterglass thickness for 1500 µm thick fused silica substrates, 

a systematic study of waterglass thickness was carried out. The photolithography spinner 

described in Section 3.2.3 was used to spin-cast the waterglass layer at different thicknesses. 

Spin-casting conditions were optimized by controlling the spinner speed and viscosity of 

the waterglass solution. The viscosity was controlled by diluting the as received waterglass 

solution. The solution was deposited through a glass dropper onto the fused silica substrate, 
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Dfdrob 1,/78 Gkqbocboljbqof` pfdk^i l_q^fkba clo ^ .,3 `d)g qef`h ^irjfkrj cfij abmlpfqba
lk ^ /3.. `cg qef`h crpba+pfif`^ pr_pqo^qb t fqe 0 og qef`h t^qbodi^pp &.,//0 H -jj 0'8 &^'
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Figure 3.19: Interferometric signal obtained for a 0.5 µm thick aluminum film deposited 
on a 1500 µm thick fused-silica substrate with 2 µm thick waterglass (0.112 J/mm2): (a) 
photodiode output; (b) substrate stress. 

74 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

Boeing Ex. 1038, p. 95 of 175 
Boeing v. Regents Univ. Cal 



fkfqf^iiv pmfkkfkd ^q 1.. omj, Refp pilt pmfk pmbba fp kb`bpp^ov ql `l^q qeb `bkqo^i ^ob^ lc

qeb pmb`fjbk rkfclojiv, ?cqbo qeb `bkqo^i ^ob^ t^p p^qro^qba tfqe plirqflk* qeb pmb`fjbk

olq^qflk t^p j^kr^iiv fk`ob^pba ql ^ efdebo pmbba clo qeb obj^fkabo lc qeb - jfkrqbp qlq^i

pmfk qfj b, R^_ib 1,3 peltp qeb obi^qflkpefm _bqtbbk qeb pmfkkbo pmbba ^ka cfk^i t^qbodi^pp

qef`hkbpp clo afccbobkq t^qbodi^pp plirqflkp,

Cuqbkpfsb bumbofj bkqp t ,o,q t^qbodi^pp qef`hkbpp obsb^iba qe^q ^ qef`hkbpp lc .,2 -uj*

l_q^fkba ^q ^ pmfk pmbba lc 1...omj clo /8/ afirqba t^qbodi^pp plirqflk* fp lmqfj^i, Dfd+

rob 1,0. peltp qeb fkqbocboljbqof` a^q^ clo ^ .,3 -uj qef`h ^irj fkrj cfij abmlpfqba lk ^

/3.. -uj crpba pfif`^ pr_pqo^qb t fqe t^qbodi^pp qef`hkbpp lc .,2 -uj, Reb cofkdb a^q^ pelt

^ `ib^o qrokfkd mlfkq ^q - - kp, ?ijlpq 1 cofkdbp absbilmba _bclob qeb qrokfkd mlfkq, ?

j^ufjrj `ljmobppfsb pqobpp lc /,0 EN^ t^p ^`efbsba fk qeb pr_pqo^qb, Dlo ^ .,3 -uj qef`h

^irjfkrj cfij * ^ pj^ii ^jlrkq lc cfij c^firob t^p l_pbosba ^q qeb crii W?E mltbo ^ka kl

c^firob t^p l_pbosba ^q 6.# lc qeb W?E mltbo,

Refkkbo t^qbodi^pp i^vbop tbob ^ipl pqrafba, Dfdrob 1,0/ peltp qeb fkqbocboljbqof` a^q^

^ka qeb ^ppl`f^qba pr_pqo^qb pqobpp clo ^ /,3 jj qef`h crpba+pfif`^ p^jmib tfqe ^ .,03 -uj

qef`h t^qbodi^pp i^vbo, Reb cofkdb a^q^ pqfii pelt ^ `ib^o qrokfkd mlfkq* _rq ^q ^ jr`e b^oifbo

qfj b* /1 kp ^cqbo qeb fkfqf^i t^sb ^oofs^i tfqe ^ jr`e iltbo j^ufjrj `ljmobppfsb pqobpp*

.,30 EN^,

Rerp* ^ qef`hbo `lkcfkfkd i^vbo dbkbo^qbp efdebo pr_pqo^qb pqobpp ^ka dob^qbo cfij a^j^db,

Ffdebo j^ufjrj pr_pqo^qb pqobpp ^oofsbp i^qbo qe^k iltbo j^ufjrj pqobpp, Refp l_pbos^qflk

fp qeb p^jb clo _lqe 1... -uj ^ka /3.. -uj qef`h crpba pfif`^ p^jmibp* _rq tfqe ^ afccbobkq

lmqfj^i t^qbodi^pp qef`hkbpp o^kdb,

R^_ib 1,38 U^qbodi^pp qef`hkbpp ^p ^ crk`qflk lc pmfkkbo omj ^ka afirqflk,

U^qbodi^pp8 t^qbo
o^qfl

, + + + omj - + + + omj 1... omj 2... omj 3... omj

- 5+ 3 -uj 1 -uj 2 -uj ( - -uj
- 5, , ) 3 3 -uj ( , )+ -uj ( + ) 3 -uj
- 5 - .,75 -uj .,32 -uj .,2 -uj .,11 -uj .,03 -uj
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initially spinning at 300 rpm. This slow spin speed is necessary to coat the central area of 

the specimen uniformly. After the central area was saturated with solution, the specimen 

rotation was manually increased to a higher speed for the remainder of the 2 minutes total 

spin time. Table 3.5 shows the relationship between the spinner speed and final waterglass 

thickness for different waterglass solutions. 

Extensive experiments w.r.t watergla.ss thickness revealed that a thickness of 0.4 µm, 

obtained at a spin speed of 3000rpm for 1:1 diluted waterglass solution, is optimal. Fig­

ure 3.20 shows the interferometric data for a 0.5 µm thick aluminum film deposited on a 

1500 µm fused silica substrate with waterglass thickness of 0.4 µm. The fringe data show 

a clear turning point at 22 ns. Almost 6 fringes developed before the turning point. A 

maximum compressive stress of 1.2 GPa was achieved in the substrate. For a 0.5 µm thick 

aluminum film, a small amount of film failure was observed at the full YAG power and no 

failure was observed at 80% of the YAG power. 

Thinner waterglass layers were also studied. Figure 3.21 shows the interferometric data 

and the associated substrate stress for a 1.5 mm thick fused-silica sample with a 0.25 µm 

thick waterglass layer. The fringe data still show a clear turning point, but at a much earlier 

time, 13 ns after the initial wave arrival with a much lower maximum compressive stress, 

0.52 GPa. 

Thus, a thicker confining layer generates higher substrate stress and greater film damage. 

Higher maximum substrate stress arrives later than lower maximum stress. This observation 

is the same for both 3000 µm and 1500 µm thick fused silica samples, but with a different 

optimal waterglass thickness range. 

Table 3.5: Waterglass thickness as a function of spinner rpm and dilution. 

Waterglass: water 1000 rpm 2000 rpm 3000 rpm 4000 rpm 5000 rpm 
ratio 

2:0 8µm 6µm 4µm - 2µm 
2:1 1.88 µm - 1.0µm - 0.8 µm 
2:2 0.97 µm 0.54 µm 0.4 µm 0.33 µm 0.25 µm 
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1,2,3 Gkqboc^`b Qqobkdqe l c ?irjfkrj-Drpba Qfif`^ Gkqboc^`b

Reb fkqboc^`b pqobkdqe lc ^irj fkrj -crpba pfif`^ fkqboc^`b t^p jb^proba lk _lqe /3.. ,rg

^ka 1... crpba pfif`^ pr_pqo^qbp tfqe afccbobkq cfij qef`hkbpp, Reb W?E mltbo t^p

do^ar^iiv pqbmmba rm rkqfi ^ pj^ii ^jlrkq lc a^j^db t^p fkfqf^qba ^q qeb cfij fkqboc^`b, Dlo

qeb 1... %rg crpba+pfif`^ pr_pqo^qb* ^k ^irjfkrj qbpq cfij lc /,6 `rj qef`hkbpp t^p rpba ql

`e^o^`qbofwb qeb fkqboc^`f^i pqobkdqe, D fij c^firob fkfqf^qba ^q crii i^pbo mltbo &.,/2. H -j j 0',

Reb j^ufjrj pr_pqo^qb ^ka fkqboc^`b pqobpp clo qbpqp mboclojba ^q bibsbk afccbobkq pmlqp lk

qeb p^jb p^jmib ^ob prjj^ofwba fk R^_ib 1,4, Qfk`b qefp cfij qef`hkbpp fp obi^qfsbiv qef`h*

qeb j^ufjrj pr_pqo^qb pqobpp ^ka fkqboc^`b pqobpp tbob `^i`ri^qba rpfkd _lqe pfjmifcfba

bnr^qflkp &0,24'* &0,25' ^ka qeb bu^`q plirqflk &@ ,/5'* &@ ,/6', ?q cfij c^firob* qeb j^ufjrj

`ljmobppfsb pr_pqo^qb pqobpp fp ^_lrq .,35 EN^, Reb j^ufjrj fkqboc^`b pqobpp fp ^_lrq

26/ KN^ colj pfjmifcfba `^i`ri^qflkp ^ka 217 KN^ colj qeb bu^`q plirqflk, Reb fkqboc^`b

pqobpp l_q^fkba colj qeb bu^`q plirqflk fp 6,5# iltbo qe^k qeb pfjmifcfba `^i`ri^qflkp* _rq

tfqefk qeb o^kdb lc bumbofjbkq^i boolo, Reb pr_pqo^qb pqobpp ^q c^firob `^i`ri^qba rpfkd _lqe

pfjmifcfba ^ka bu^`q `^i`ri^qflkp t^p qeb p^jb, Dlo ^ qbpq cfij qef`hkbpp lc /,6 ,rg lo iltbo*

qeb pfjmifcfba `^i`ri^qflkp ^ob s^ifa clo _lqe qeb pr_pqo^qb ^ka fkqboc^`b pqobpp `^i`ri^qflkp,

Rl pelt qeb `lkpfpqbk`v lc qebpb bumbofjbkqp* pr_pqo^qb pqobpp molcfibp clo qeb ,, qbpqp ^ob

milqqba qldbqebo fk Dfd, 1,00,

Gkqboc^`b pqobkdqe lc qeb ^irj fkrj -crpba pfif`^ fkqboc^`b t^p ^ipl jb^proba lk ^ /3.. `rg

qef`h crpba+pfif`^ pr_pqo^qb clo qtl ^irjfkrj cfij qef`hkbppbp* .,3 `rj ^ka /,6 `rj, Dlo

qeb .,3 ,rg qef`h cfij* jlpq c^firob fkfqf^qba ^q crii i^pbo mltbo &.,/2. H -j j 0', Dlo qeb

/,6 `rg qef`h cfij * c^firob fkfqf^qba ^q ^ iltbo i^pbo cirbk`b lc .,.62 H -j j 0, Reb j^ufjrj

pr_pqo^qb pqobpp ^ka j^ufjrj fkqboc^`b pqobpp `^i`ri^qba rpfkd qeb pfjmifcfba bnr^qflkp &0,24'

^ka &0,25' clo 3 qbpqp mboclojba ^q afccbobkq pmlqp ^ob prjj^ofwba fk R^_ibp 1,5 ^ka 1,6

obpmb`qfsbiv, Dlo qeb .,3 `rj qef`h cfij* qeb fkqboc^`b c^fiba ^q ^k ^sbo^db j^ufjrj pr_pqo^qb

pqobpp l c +/ ,/0 EN^ ^ka fkqboc^`b pqobpp lc 275 KN^, Dlo qeb /,6 vrj qef`h cfij * qeb fkqboc^`b
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3.4.5 Interface Strength of Aluminum/Fused Silica Interface 

The interface strength of aluminum/fused silica interface was measured on both 1500 µm 

and 3000 µm fused silica substrates with different film thickness. The YAG power was 

gradually stepped up until a small amount of damage was initiated at the film interface. For 

the 3000 µm fused-silica substrate, an aluminum test film of 1.8 µm thickness was used to 

characterize the interfacial strength. Film failure initiated at full laser power (0.140 J /mm2). 

The maximum substrate and interface stress for tests performed at eleven different spots on 

the same sample are summarized in Table 3.6. Since this film thickness is relatively thick, 

the maximum substrate stress and interface stress were calculated using both simplified 

equations (2.46), (2.47) and the exact solution (B.17), (B.18). At film failure, the maximum 

compressive substrate stress is about 0.57 GPa. The maximum interface stress is about 

481 MPa from simplified calculations and 439 MPa from the exact solution. The interface 

stress obtained from the exact solution is 8. 7% lower than the simplified calculations, but 

within the range of experimental error. The substrate stress at failure calculated using both 

simplified and exact calculations was the same. For a test film thickness of 1.8 µm or lower, 

the simplified calculations are valid for both the substrate and interface stress calculations. 

To show the consistency of these experiments, substrate stress profiles for the 11 tests are 

plotted together in Fig. 3.22. 

Interface strength of the aluminum/fused silica interface was also measured on a 1500 µm 

thick fused-silica substrate for two aluminum film thicknesses, 0.5 µm and 1.8 µm. For 

the 0.5 µm thick film, most failure initiated at full laser power (0.140 J /mm2). For the 

1.8 µm thick film, failure initiated at a lower laser fluence of 0.084 J /mm 2. The maximum 

substrate stress and maximum interface stress calculated using the simplified equations (2.46) 

and (2.47) for 5 tests performed at different spots are summarized in Tables 3.7 and 3.8 

respectively. For the 0.5 µm thick film, the interface failed at an average maximum substrate 

stress of -1.12 GPa and interface stress of 497 MPa. For the 1.8 µm thick film, the interface 
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Figure 3.20: Interferometric signal obtained for a 0.5 µm thick aluminum film deposited 
on a 1500 µm thick fused-silica substrate with 0.4 µm thick waterglass (laser :fluence of 
0.140 J/mm2): (a.) photodiode output; (b) substrate stress. Arrow points to the position 
where fringes suddenly changed direction. 
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Figure 3.21: Interferometric signal obtained for a 0.5 µm thick aluminum film deposited 
on a 1500 µm thick fused-silica substrate with 0.25 pm thick waterglass (laser fluence of 
0.140 J/mm2): (a) photodiode output; (b) substrate stress. Arrow points to the position 
where fringes suddenly changed direction. 
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R^_ib 1,48 Gkqboc^`b pqobkdqe lc ^ /,6 SVj qef`h ^irjfkrj cfij abmlpfqba lk ^ 1... SW)Z qef`h
crpba pfif`^ pr_pqo^qb,

Rbpq Ll, J^pbo cirbk`b
&H - jj 0'

Qr_pqo^qb pqobpp,'-
&EN^'

Gkqboc^`b pqobpp,
&KN^'

Gkqboc^`b pqobpp-
&KN^'

,

.,/2.

+.,4/ 213 13/
- +.,33 24. 155
1 +.,32 270 261
2 +.,35 240 2.6
3 +.,33 26. 3.6
1 +.,37 256 22.
5 +.,31 25. 2.7
3 +.,36 310 3.1
7 +.,4. 3// 252
, + +.,32 3.3 3..
, , +.,30 240 177

P^kdb .,/2. +&. ,31 + .,4/' 213 + 310 13/ + 3.6
?sbo^db .,/2. +.,35 Ñ .,.1 26/ Ñ 06 217 Ñ 32
A ^ i`r i^ qba rpfkd qeb pfjmifcfba bnr^qflkp 0,24 ^ka 0,25 s^ifa clo pj^ii cfij qef`hkbpp

A ^ i`r i^ qba rpfkd qeb pfjmifcfba bnr^qflkp @ ,/5 ^ka @,/6 clo i^odb cfij qef`hkbpp

.,2

.,0

a<)+<
cfçK

( .,0

+.,2

( .,4
&* 0. 03+ * ,+ (% (*

Rfjb &kp'

Dfdrob 1,008 Qr_pqo^qb pqobpp molcfib clo ^ /,6 hj qef`h ^irjfkrj cfij abmlpfqba lk ^ 1... `cg
qe f`h crpba pfif`^ pr_pqo^qb,
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Table 3.6: Interface strength of a 1.8 µm thick aluminum film deposited on a 3000 µm thick 
fused silica substrate. 

Test No. Laser fluence Substrate stress1•2 Interface stress1 Interface stress2 

(J/mm2
) (GPa) (MPa) (MPa) 

1 -0.61 435 351 
2 -0.55 460 377 
3 -0.54 492 483 
4 -0.57 462 408 
5 -0.55 480 508 
6 0.140 -0.59 478 440 
7 -0.53 470 409 
8 -0.58 532 503 
9 -0.60 511 474 
10 -0.54 505 500 
11 -0.52 462 399 

Range 0.140 -( 0.53 - 0.61) 435 - 532 351 - 508 
Average 0.140 -0.57 ± 0.03 481 ± 28 439 ± 54 
1Calculated using the simplified equations 2.46 and 2.47 valid for small film thickness 

2Calculated using the simplified equations B.17 and B.18 for large film thickness 
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Figure 3.22: Substrate stress profile for a 1.8 µm thick aluminum film deposited on a 3000 µm 
thick fused silica substrate. 
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R^_ib 1,58 Gkqboc^`b pqobkdqe lc ^ .,3 #VZ qef`h ^irjfkrj cfij abmlpfqba lk ^ /3.. SVZ qef`h
crpba+pfif`^ pr_pqo^qb,

Rbpq Ll, J^pbo cirbk`b
&H -j j 0'

Qr_pqo^qb pqobpp
&EN^'

Gkqboc^`b pqobpp
&KN^'

,

.,/2.

+ , ), 361
- + , ), 3.0
1 + , )- 20.
2 + , ), 325
3 + , ), 213

P^kdb .,/2. + & , ), { , ,- ' 20. { 361
?sbo^db .,/2. +/ ,/0 Ñ .,.23 275 Ñ 5.

R^_ib 1,68 Gkqboc^`b pqobkdqe lc ^ /,6 %cg qef`h ^irjfkrj cfij abmlpfqba lk ^ /3.. `cg qef`h
crpba+pfif`^ pr_pqo^qb,

Rbpq Ll, J^pbo cirbk`b
&H -j j 0'

Qr_pqo^qb pqobpp
&EN^'

Gkqboc^`b pqobpp
&KN^'

,

.,.62

+. ,33 207
- +. ,40 252
1 +. ,33 303
2 +. ,4/ 346
3 +. ,33 243

P^kdb .,.62 +&. ,33 { .,40' 207 { 346
?sbo^db .,.62 +. ,36 Ñ .,.2 270 Ñ 33

c^fiba ^q ^k ^sbo^db j^ufjrj pr_pqo^qb pqobpp lc +.,36 EN^ ^ka fkqboc^`b pqobpp lc 270 KN^,

R^_ibp 1,4* 1,5 ^ka 1,6 fkaf`^qb qe^q clo afccbobkq cfij qef`hkbppbp ^ka afccbobkq pr_pqo^qb

qef`hkbppbp* qeb fkqboc^`b pqobkdqe lc ^irj fkrj -crpba pfif`^ fp ^mmolufj^qbiv qeb p^jb* 26/

Ñ 06 KN^ clo /,6 `cg cfij lk 1... ` cg pr_pqo^qb* 275 Ñ 5. KN^ clo .,3 `cg cfij lk /3.. `cg

pr_pqo^qb ^ka 270 Ñ 33 KN^ clo , )3 cfij lk /3.. \j pr_pqo^qb, Dlo qeb p^jb cfij

qef`hkbpp lk afccbobkq pr_pqo^qb qef`hkbpp* qeb j^ufjrj pr_pqo^qb ^ka fkqboc^`b pqobpp ^ob

qeb p^jb* _rq iltbo i^pbo cirbk`b fp obnrfoba clo qeb qefkkbo pr_pqo^qb, Refp obpriq fp mol_^_iv

arb ql qeb obar`ba pqobpp t^sb ^qqbkr^qflk fk qeb qefkkbo pr_pqo^qbp, Dlo afccbobkq cfij

qef`hkbppbp lk qeb p^jb pr_pqo^qb qef`hkbpp* qef`hbo cfijp obnrfob ibpp i^pbo cirbk`b* ^ka

`lkpbnrbkqiv iltbo pr_pqo^qb pqobpp ql c^fi, Refp obpriq fp `lkpfpqbkq t fqe qeb mobaf`qflkp

colj Cnp, &0,24' ^ka &0,25'* efdebo pqobpp fp dbkbo^qba fk qef`hbo cfijp,
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Table 3. 7: Interface strength of a 0.5 µm thick aluminum film deposited on a 1500 µm thick 
fused-silica substrate. 

Test No. Laser fluence Substrate stress Interface stress 
(J/mm2) (GPa) (MPa) 

1 -1.1 583 
2 -1.1 502 
3 0.140 -1.2 420 
4 -1.1 547 
5 -1.1 435 

Range 0.140 -(1.1 ~ 1.2) 420 ~ 583 
Average 0.140 -1.12 ± 0.045 497 ± 70 

Table 3.8: Interface strength of a 1.8 µm thick aluminum film deposited on a 1500 µm thick 
fused-silica substrate. 

Test No. Laser fluence Substrate stress Interface stress 
(J/mm2) (GPa) (MPa) 

1 -0.55 429 
2 -0.62 474 
3 0.084 -0.55 525 
4 -0.61 568 
5 -0.55 465 

Range 0.084 -(0.55 ~ 0.62) 429 ~ 568 
Average 0.084 -0.58 ± 0.04 492 ± 55 

failed at an average maximum substrate stress of -0.58 GPa and interface stress of 492 MPa. 

Tables 3.6, 3. 7 and 3.8 indicate that for different film thicknesses and different substrate 

thicknesses, the interface strength of aluminum/fused silica is approximately the same, 481 

± 28 MPa for 1.8 µ.m film on 3000 µm substrate, 497 ± 70 MPa for 0.5 µm film on 1500 µm 

substrate and 492 ± 55 MPa for 1.8 µm film on 1500 µm substrate. For the same film 

thickness on different substrate thickness, the maximum substrate and interface stress are 

the same, but lower laser fluence is required for the thinner substrate. This result is probably 

due to the reduced stress wave attenuation in the thinner substrates. For different film 

thicknesses on the same substrate thickness, thicker films require less laser fluence, and 

consequently lower substrate stress to fail. This result is consistent with the predictions 

from Eqs. (2.46) and (2.47), higher stress is generated in thicker films. 
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1,3 Alk`irpflkp

Dlo _lqe crpba pfif`^ ^ka pfif`lk pr_pqo^qb p^jmibp* qeb j^ufjrj pqobpp fk qeb pr_pqo^qb

^ka qeb j^ufjrj pqobpp ^q qeb fkqboc^`b fk`ob^pba t fqe fk`ob^pfkd W?E i^pbo cirbk`b, Dlo

crpba+pfif`^ pr_pqo^qb p^jmibp tfqe qbpq cfij qef`hkbpp fk qeb o^kdb lc , ), \j ^ka /,7 -fj * qeb

j^ufjrj fkqboc^`b pqobpp ^ipl fk`ob^pba tfqe fk`ob^pfkd cfij qef`hkbpp, Fbk`b* qef`hbo cfijp

ib^a ql efdebo fkqboc^`b pqobpp ^ka c^fi jlob b^pfiv, Dlo _lqe qvmbp lc p^jmibp* qe b j^ufjrj

pr_pqo^qb pqobpp ^ka j^ufj rj fkqboc^`b pqobpp ab`ob^pba tfqe fk`ob^pfkd pr_pqo^qb qef`hkbpp

mol_^_iv arb ql dbljbqof` ^qqbkr^qflk `^rpba _v qeb cfkfqb pfwb lc qeb W?E _b^j , Gk qeb

`^pb lc qeb crpba+pfif`^ pr_pqo^qb* qebob fp ^ipl ^qqbkr^qflk arb ql qeb pel`h bslirqflk, ?

qef`hbo `lkcfkfkd i^vbo ebimp ql dbkbo^qb ^ efdebo `ljmobppfsb pqobpp fk qeb pr_pqo^qb ^ka

dob^qbo a^j^db lk qeb qbpq cfij , Gk qeb bumbofj bkqp* pbsbo^i c^`qlop fk`ira fkd W?E pmlq

pfwb* cfij qef`hkbpp* pr_pqo^qb qef`hkbpp* ^ka `lkcfkfkd i^vbo qef`hkbpp jrpq _b `lloafk^qba,

M_pbos^qflkp l c a^j^db obsb^iba _lqe pr_pqo^qb ^ka cfij c^firob fk pfif`lk pr_pqo^qb

p^jmibp _rq lkiv cfij c^firob fk crpba+pfif`^ pr_pqo^qb p^jmibp, Or^kqfq^qfsb fkqbocboljbqof`

jb^probjbkqp `lkcfojba qeb afccbobk`b fk pqobpp absbilmjbkq clo qeb qtl hfkap lc p^jmib,

Gk crpba pfif`^ pr_pqo^qbp* qeb `ljmobppfsb mripb bslisba fkql ^ ab`ljmobppflk pel`h, Reb

bufpqbk`b l c ^ pel`h `ob^qba ^ i^odb pqobpp ^q qeb cfij fkqboc^`b* moljlqfkd c^firob, Reb

absbilmjbkq lc qe b pel`h fp arb ql qeb klkifkb^o bi^pqf` molmboqfbp lc crpba pfif`^ Y3/[, Refp

pel`h jb`e^kfpj fp ^as^kq^dblrp fk qeb abpfdk lc i^pbo+pm^ii^qflk qbpqp lc qefk+cfij fkqboc^`b

^aebpflk, Kloblsbo* crpba pfif`^ fp ^k fab^i j ^qbof^i clo pqravfkd qeb j b`e^kf`p lc qeb

pm^ii^qflk qbpq fk qe^q fq fp fkqofkpf`^iiv pqolkd ^ka kl pr_pqo^qb a^j^db l``rop _bclob qeb

fkqboc^`f^i c^firob, ? iqelrde pel`h absbilmjbkq fk crpba pfif`^ t^p abjlkpqo^qba fk qeb

/75.p _v @^ohbo ^ka Fliibk_^`e rpfkd ^ d^p+drk c^`fifqv* qeb rpbcrikbpp lc pr`e pel`hp fk

^mmif`^qflkp ql i^pbo pm^ii^qflk e^p klq _bbk obmloqba,
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3.5 Conclusions 

For both fused silica and silicon substrate samples, the maximum stress in the substrate 

and the maximum stress at the interface increased with increasing YAG laser fluence. For 

fused-silica substrate samples with test film thickness in the range of 1.1 µm and 1.9 µm, the 

maximum interface stress also increased with increasing film thickness. Hence, thicker films 

lead to higher interface stress and fail more easily. For both types of samples, the maximum 

substrate stress and maximum interface stress decreased with increasing substrate thickness 

probably due to geometric attenuation caused by the finite size of the YAG beam. In the 

case of the fused-silica substrate, there is also attenuation due to the shock evolution. A 

thicker confining layer helps to generate a higher compressive stress in the substrate and 

greater damage on the test film. In the experiments, several factors including YAG spot 

size, film thickness, substrate thickness, and confining layer thickness must be coordinated. 

Observations of damage revealed both substrate and film failure in silicon substrate 

samples but only film failure in fused-silica substrate samples. Quantitative interferometric 

measurements confirmed the difference in stress development for the two kinds of sample. 

In fused silica substrates, the compressive pulse evolved into a decompression shock. The 

existence of a shock created a large stress at the film interface, promoting failure. The 

development of the shock is due to the nonlinear elastic properties of fused silica [51]. This 

shock mechanism is advantageous in the design of laser-spallation tests of thin-film interface 

adhesion. Moreover, fused silica is an ideal material for studying the mechanics of the 

spallation test in that it is intrinsically strong and no substrate damage occurs before the 

interfacial failure. Although shock development in fused silica was demonstrated in the 

1970s by Barker and Hollenbach using a gas-gun facility, the usefulness of such shocks in 

applications to laser spallation has not been reported. 
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Ae^mqbo 2

K fuba+j lab Jl^afkd Cumbofj bkqp

2,/ Gkqolar`qflk

Dlo ^ii qeb bumbofjbkqp obmloqba fk Ae^mqbo 1* qefk+cfij fkqboc^`bp tbob pr_gb`qba lkiv ql

qbkpfib &jlab G' il^afkd, Gk jlpq `ljjbo`f^i ^mmif`^qflkp* eltbsbo* qefk+cfij fkqboc^`bp c^fi

rkabo j fuba+jlab `lkafqflkp Y/[, Bbpfdk lc bumbofjbkqp ql jb^prob qeb fkqboc^`b ab_lkafkd

lsbo ^ o^kdb lc jlab j fu fqv obibs^kq ql mo^`qf`^i mol_ibjp fp ^ pfdkfcf`^kq `e^iibkdb, Qbs+

bo^i qbpq j bqelap clo `e^o^`qbofwfkd j fuba+jlab fkqboc^`f^i co^`qrob lc ^ _fi^vbo e^sb _bbk

molmlpba fk ifqbo^qrob* pr`e ^p j fuba+jlab alr_ib `^kqfibsbo _b^j Y4.[* alr_ib `^kqfibsbo

aofiiba `ljmobppflk Y, [* j fuba+jlab ciburob Y4/+44[* ^ka @o^wfi+krq pmb`fjbk Y45[, Klpq lc

qebpb qbpq j bqelap fkslisb p^katf`e `lkcfdro^qflkp fk tef`e ^ cfij fp abmlpfqba lkql qtl

pr_pqo^qbp ^ka pr_pbnrbkqiv _lkaba qldbqebo _bclob ^aebpflk jb^probjbkq, Reb _lkafkd

mol`bpp obnrfobp afccrpflk bfqebo ^q obi^qfsbiv efde eljlildlrp qbjmbo^qrobp lo rkabo ^mmifba

mobpprob* ^ka lcqbk ib^ap ql `e^kdbp ^q qeb fkqboc^`b ^ka fk qeb jf`olpqor`qrob lc qeb cfij ,

Rerp* qeb _lkafkd mol`bpp mi^vp ^ olib fk qeb k^qrob ^ka qeb j^dkfqrab l c qeb bkbodv+

afppfm^qfsb jb`e^kfpjp, Kb^probjbkq rpfkd qebpb p^katf`ebp fp bsbk jlob mol_ibj^qf` clo

qefk+cfij fkqboc^`bp molar`ba ^q obi^qfsbiv ilt qbjmbo^qrobp &b,d ,* _v pmrqqbofkd lo bs^mlo^+

qflk' arb ql afccf`riqv il^afkd qeb cfij fk ^ `lkqoliiba j^kkbo ^q qeb obibs^kq me^pb ^kdib,

Qfk`b qeb cfij fp p^katf`eba _bqtbbk qtl pr_pqo^qb j^qbof^ip* fq fp ^ipl afccf`riq ql bu^j fkb

qeb a^j^db m^qqbok obpriqfkd colj fkqboc^`b c^firob,
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Chapter 4 

Mixed-mode Loading Experiments 

4.1 Introduction 

For all the experiments reported in Chapter 3, thin-film interfaces were subjected only to 

tensile (mode I) loading. In most commercial applications, however, thin-film interfaces fail 

under mixed-mode conditions [1]. Design of experiments to measure the interface debonding 

over a range of mode mixity relevant to practical problems is a significant challenge. Sev­

eral test methods for characterizing mixed-mode interfacial fracture of a bilayer have been 

proposed in literature, such as mixed-mode double cantilever beam [60], double cantilever 

drilled compression [1], mixed-mode flexure [61-66], and Brazil-nut specimen [67]. Most of 

these test methods involve sandwich configurations in which a film is deposited onto two 

substrates and subsequently bonded together before adhesion measurement. The bonding 

process requires diffusion either at relatively high homologous temperatures or under applied 

pressure, and often leads to changes at the interface and in the microstructure of the film. 

Thus, the bonding process plays a role in the nature and the magnitude of the energy­

dissipative mechanisms. Measurement using these sandwiches is even more problematic for 

thin-film interfaces produced at relatively low temperatures ( e.g., by sputtering or evapora­

tion) due to difficulty loading the film in a controlled manner at the relevant phase angle. 

Since the film is sandwiched between two substrate materials, it is also difficult to examine 

the damage pattern resulting from interface failure. 
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Gk qefp `e^mqbo* ^ kbt qbpq jbqela fp absbilmba clo pqravfkd j fuba+jlab fkqboc^`f^i

c^firob lc qe fk cfijp rpfkd i^pbo+dbkbo^qba pqobpp t^sbp, U fqe qefp qb`ekfnrb* qeb fkqboc^`f^i

^aebpflk l c ^ proc^`b cfij abmlpfqba lk ^ pr_pqo^qb fp jb^proba fk qeb ^p+mol`bppba `lkafqflk*

tef`e afccbop pfdkfcf`^kqiv colj qeb p^katf`e pmb`fjbkp rpba fk qeb ifqbo^qrob,

2,0 Bbpfdk lc Kfuba+jlab Cumbofjbkq

2,0,/ Q^jmib Ebljbqov

Kfuba+jlab il^afkd fp ^``ljmifpeba _v jlafcvfkd qeb p^jmib dbljbqov pl qe^q ^ efde+pqo^fk+

o^qb peb^o t^sb fp dbkbo^qba _v jlab `lksbopflk ^q ^k l_ifnrb proc^`b ^ka qebk ^iiltba ql

fjmfkdb rmlk qeb qbpq cfij, ? af^do^j abp`of_fkd qeb dbkbo^qflk lc efde+^jmifqrab* peloq+

aro^qflk peb^o t^sbp fp peltk fk Dfd, 2,/, Qfj fi^o ql qeb qbkpfib pm^ii^qflk bumbofj bkq* qeb

p^jmib `lkpfpqp lc ^ qo^kpm^obkq `lkcfkfkd i^vbo* ^ qefk bkbodv ^_plo_fkd i^vbo* ^ pr_pqo^qb

^ka ^ qbpq cfij, Gk loabo ql dbkbo^qb ^ efde ^jmifqrab peb^o t^sb* qeb mi^k^o pr_pqo^qb fk

qeb qbkpfib pm^ii^qflk fp obmi^`ba tfqe ^ qof^kdri^o mofpj, ?k fkco^oba La8W?E mripb &? ;

/.42 kj' t fqe ^ s^of^_ib bkbodv `lkqbkq _bqtbbk / ^ka //. j g fp fk`fabkq lk qeb ^_plo_fkd

i^vbo ^q mlfkq A, Reb pe^mb lc qeb i^pbo mripb cfqp tbii ql ^ E^rppf^k afpqof_rqflk lc qeb

cloj fk Cn, &0,22', Reb bkbodv+^_plo_fkd i^vbo fp `elpbk ql _b jr`e qef`hbo qe^k qeb `ofqf`^i

mbkbqo^qflk abmqe lc i^pbo ifdeq ^q qefp t^sbibkdqe, Skabo qefp `lkpfabo^qflk* qeb i^pbo bkbodv

fp abmlpfqba ^q qeb fkqboc^`b lc qeb `lkcfkfkd i^vbo ^ka qeb bkbodv+^_plo_fkd i^vbo tfqelrq

mbkbqo^qfkd qeb pr_pqo^qb, Reb kljfk^i af^jbqbo lc qeb W?E i^pbo _b^j fp 1,3 jj , ?d^fk*

fk loabo ql fk`ob^pb qeb i^pbo cirbk`b* qeb i^pbo _b^j fp cl`rpba ql ^ , jj af^jbqbo pmlq lk

qeb bkbodv+^_plo_fkd i^vbo,

Uebk qeb i^pbo mripb ob^`ebp qeb ^_plo_fkd i^vbo* ^ ilkdfqrafk^i `ljmobppfsb pqobpp t^sb*

J f* lc ofpb qfj b `ljm^o^_ib ql qe^q lc qeb i^pbo mripb fp bj fqqba colj qeb ^_plo_fkd i^vbo,

Reb t^sb qe^q molm^d^qbp fkql qeb qof^kdri^o mofpj fp obcib`qba ^q qeb l_ifnrb proc^`b* ^ka

^ j^glo co^`qflk l c fqp bkbodv à qeb bu^`q ^jlrkq abmbkap lk abq^fip l c qeb ^kdib ^ka
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In this chapter, a new test method is developed for studying mixed-mode interfacial 

failure of thin films using laser-generated stress waves. With this technique, the interfacial 

adhesion of a surface film deposited on a substrate is measured in the as-processed condition, 

which differs significantly from the sandwich specimens used in the literature. 

4.2 Design of Mixed-mode Experiment 

4.2.1 Sample Geometry 

Mixed-mode loading is accomplished by modifying the sample geometry so that a high-strain­

rate shear wave is generated by mode conversion at an oblique surface and then allowed to 

impinge upon the test film. A diagram describing the generation of high-amplitude, short­

duration shear waves is shown in Fig. 4.1. Similar to the tensile spallation experiment, the 

sample consists of a transparent confining layer, a thin energy absorbing layer, a substrate 

and a test film. In order to generate a high amplitude shear wave, the planar substrate in 

the tensile spallation is replaced with a triangular prism. An infrared Nd:YAG pulse (.X = 

1064 nm) with a variable energy content between 1 and 110 mJ is incident on the absorbing 

layer at point C. The shape of the laser pulse fits well to a Gaussian distribution of the 

form in Eq. {2.44). The energy-absorbing layer is chosen to be much thicker than the critical 

penetration depth of laser light at this wavelength. Under this consideration, the laser energy 

is deposited at the interface of the confining layer and the energy-absorbing layer without 

penetrating the substrate. The nominal diameter of the YAG laser beam is 3.5 mm. Again, 

in order to increase the laser fluence, the laser beam is focused to a 1 mm diameter spot on 

the energy-absorbing layer. 

When the laser pulse reaches the absorbing layer, a longitudinal compressive stress wave, 

£1, of rise time comparable to that of the laser pulse is emitted from the absorbing layer. 

The wave that propagates into the triangular prism is reflected at the oblique surface, and 

a major fraction of its energy -the exact amount depends on details of the angle 01 and 
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1jj

Qr_pqo^qb8
crpba pfif`^

Jbkp

W?E

Alkcfkfkd i^vbo8
t^qbodi^pp

v l

Rbpq cfij8 ?/ ?_plo_fkd i^vbo8 ?/

Dfdrob 2,/8 Alkcfdro^qflk clo i^pbo dbkbo^qba peb^o t^sbp,

qeb j^qbof^i bi^pqf` `lkpq^kqpà fp jlab+`lksboqba fkql ^ peb^o t^sb* 3 , ? pj^iibo ^jlrkq

obcib`qp ^p ^ ilkdfqrafk^i t^sb* J0, Reb qtl obcib`qba t^sbp ^ob qebk fk`fabkq àmolm^d^qflk

afob`qflk abmbkap lk qeb mob`fpb `elf`b lc 1 Zà rmlk qeb qbpq cfij proc^`b ^q mlfkqp @ ^ka ?*

obpmb`qfsbiv,

Dfdrob 2,/ peltpqeb ^kdibp .f ^ka 1- _bqtbbk qeb kloj^i ql qeb l_ifnrb proc^`b* k* ^ka qeb

molm^d^qflk afob`qflkp lc qeb ilkdfqrafk^i ^ka peb^o t^sbp9 1. fp qeb ^kdib _bqtbbk qeb peb^o

t^sb afpmi^`bjbkq &afpmi^`bjbkq fp kloj^i ql qeb molm^d^qflk afob`qflk l c qeb peb^o t^sb'

^ka qeb qbpq cfij9 .. ; .g + .0, Reb afpmi^`bjbkq ^jmifqrabp lc qeb fk`fabkq ilkdfqrafk^i*

obcib`qba ilkdfqrafk^i ^ka peb^o t^sbp ^ob abklqba tfqe o f - ^ka om* ?``loafkd ql

pq^ka^oa t^sb molm^d^qflk qeblov Y22[* qeb ^jmifqrab o^qflp ^ob bumobppba ^p

o f - Z pfk - + f pfk - + - à e - `lp- - + -

Sff pfk - + f pfk - + - ) e - `lp- - + - å
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fused silica 
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■ ---Confining layer: 
waterglass 

Absorbing layer: Al 

Figure 4.1: Configuration for laser generated shear waves. 

the material elastic constants-is mode-converted into a shear wave, S. A smaller amount 

reflects as a longitudinal wave, L2. The two reflected waves are then incident -propagation 

direction depends on the precise choice of 01- upon the test film surface at points B and A, 

respectively. 

Figure 4.1 shows the angles 01 and 02 between the normal to the oblique surface, n, and the 

propagation directions of the longitudinal and shear waves; 03 is the angle between the shear 

wave displacement ( displacement is normal to the propagation direction of the shear wave) 

and the test film; 03 = 01 - 02• The displacement amplitudes of the incident longitudinal, 

reflected longitudinal and shear waves are denoted with ULp UL2 and us. According to 

standard wave propagation theory [44], the amplitude ratios are expressed as 

UL2 sin 201 sin 202 - k2 cos2 202 
UL1 = sin 201 sin 202 + k2 cos2 202 ' 

(4.1) 
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Gk`fabkq ^kdib* .g&abdobb'

Dfdrob 2,08 P^qfl lc t^sb afpmi^`bjbkq ^jmifqrabp ^p crk`qflk lc fk`fabkq ^kdib .g,

o m - e pfk - + f `lp - + -

r ig pfk - + f pfk - + - / + e - `lp- - + - å
&2,0'

tebob e : ?H, ?O fp qeb o^qfl l c ilkdfqrafk^i ^ka peb^o t^sb pmbbap* ^ka .- fp dfsbk _v Qkbiiåp

i^t

pfk pfk + f

pfk + -
; e+ &2,1'

@^pba lk qeb m^o^jbqof` pqrav l c qeb qbkpfib pm^ii^qflk* crpba pfif`^ &EC qvmb /02' fp

`elpbk ^p qeb pr_pqo^qb j^qbof^i* t^qbodi^pp ^p qeb `lkcfkfkd i^vbo* ^ka ^irjfkrj ^p _lqe

^_plo_fkd j^qbof^i ^ka qbpq cfij , Reb ilkdfqrafk^i t^sb pmbba clo qeb pr_pqo^qb fp ?H ;

&3,72.5 Ñ .,...2' u /.. j -p ^p jb^proba lk ^ mofpj rpfkd t^sbp qo^sbifkd _bqtbbk qeb

m^o^iibi proc^`bp, ? peb^o t^sb pmbba lc ]m ; 1,53 u /.. j -p fp q^hbk colj qeb j^krc^`qroboåp

obcbobk`b molsfaba _v Gkqbdo^qba Mmqf`p Qbosf`b Al,* ^p fp qeb abkpfqv j : 0,0 u /.. hd -j 1,

Dlo qefp pmb`fcf` j^qbof^i* e Ü /,362,

Gk Dfd, 2,0* qeb afpmi^`bjbkq ^jmifqrab o^qflp &2,/' ^ka &2,0' ^ob milqqba ^p ^ crk`qflk

lc fk`fabkq ^kdib .f, ? q ^k fk`fabkq ^kdib .f ; 23|* qeb `lbccf`fbkq lc jlab `lksbopflk

colj fk`fabkq ilkdfqrafk^i t^sb HW ql peb^o t^sb O fp kb^oiv ^q ^ j^ufjrj * f,b ,* jlpq lc qeb
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Figure 4.2: Ratio of wave displacement amplitudes as function of incident angle 01. 

us 2k sin 201 cos 202 
UL 1 = sin 201 sin 202 + k2 cos2 202' 

(4.2) 

where k = cL/ cs is the ratio of longitudinal and shear wave speeds, and 02 is given by Snell's 

law 

sin sin 01 = k. 
sin02 

(4.3) 

Based on the parametric study of the tensile spallation, fused silica (GE type 124) is 

chosen as the substrate material, waterglass as the confining layer, and aluminum as both 

absorbing material and test film. The longitudinal wave speed for the substrate is CL = 
(5.9407 ± 0.0004) x 103 m/s as measured on a prism using waves traveling between the 

parallel surfaces. A shear wave speed of cs = 3. 75 x 103 m/s is taken from the manufacturer's 

reference provided by Integrated Optics Service Co., as is the density p = 2.2 x 103 kg/m3. 

For this specific material, k ~ 1.584. 

In Fig. 4.2, the displacement amplitude ratios ( 4.1) and ( 4.2) are plotted as a function 

of incident angle 01. At an incident angle 01 = 45°, the coefficient of mode conversion 

from incident longitudinal wave £1 to shear wave S is nearly at a maximum, i.e., most of the 
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clo lro mromlpbp* qe b `lksbkfbkq pmb`fjbk ^kdib 1 W ; 23| fp ^ipl lmqfj^i clo qeb dbkbo^qflk

lc efde ^jmifqrab peb^o t^sbp, Dolj Cn, &2,1'* qeb ^kdib lc qeb obcib`qba peb^o t^sb fp

clrka ql _b 1- ; 04,3|* pl 1. : /6,3|, Gk qefp `lkcfdro^qflk* qeb obcib`qba ilkdfqrafk^i t^sb

t fii _b fk`fabkq ^q ml fk q ? kloj^i ql qeb qbpq cfij proc^`b ^ka ^ii lc qeb ^jmifqrab lc qeb

ilkdfqrafk^i afpmi^`bjbkq t fii `lkqof_rqb ql qeb jb^proba lrq+lc+mi^kb jlqflk ^q mlfkq ?,

Reb `loobpmlkafkd peb^o t^sb ^oofsbp ^q qeb qbpq cfij proc^`b ^q mlfkq @* tebob lkiv lkb m^oq

lc qeb peb^o t^sb afpmi^`bjbkq `lkqof_rqbp ql qeb lrq+lc+mi^kb jlqflk, Reb afpq^k`b _bqtbbk

mlfkqp ? ^ka @ fp abqboj fkba _v qeb pfwb lc qeb p^jmib ^ka pmb`fcf` fk`fabkq mlpfqflk lc qeb

W?E i^pbo, @^pba lk qebmobsflrp^k^ivqf`^i ^k^ivpfp lc t^sb ^qqbkr^qflk t,o,q,pr_pqo^qb

qef`hkbpp*qeb ibkdqep l c qebloqeldlk^i pfabp lc qeb qof^kdri^o `olpp+pb`qflk fkDfd, 2,/ ^ob

`elpbk ql _b 1 jj , ?pprj fkd qeb W?E _b^j fp fk`fabkq ^q qeb `bkqbo lc qeb 1 jj tfab

^_plo_fkd i^vbo proc^`b* qe b afpq^k`b _bqtbbk mlfkqp ? ^ka @ fp clrka ql _b ^mmolufj^qbiv

.,3 jj, Fltbsbo* clo ^ , jj af^jbqbo W?E pmlq* qeb af^jbqbo lc qeb t^sb colkq lc qeb

ilkdfqrafk^i t^sb t fii ^ipl _b , jj &`bkqboba ^q mlfkq ?' ^ka qeb af^jbqbo lc qeb t^sb

colkq lc qeb peb^o t^sb t fii _b pifdeqiv i^odbo* ^_lrq /,11 jj &`bkqboba ^q mlfkq @ ', Rerp

tfqefk obdflk ?@ * qe b pfdk^ip colj qeb obcib`qba ilkdfqrafk^i ^ka peb^o t^sbp ^ob lsboi^mmba*

^iqelrde qebv ^oofsb ^q afccbobkq qfjbp,

?`qr^iiv tebk peb^o t^sb O ob^`ebp qeb qbpq cfij proc^`b ^q mlfkq @* fq tfii _b jlab+

`lksboqba ^d^fk fkql ^ peb^o t^sb O$ ^ka ^ ilkdfqrafk^i t^sb H. ^p peltk fk Dfd, 2,1, Reb

fk`fabkq ^kdibp lc t^sbp O$ ^ka H. ^ob 1 . ^ka !/ * obpmb`qfsbiv, Dolj Qkbiiåp i^t*

j ` e V / b #7 7 J* l w P ; G &2,2'pfk #2.

./ Ü 1.,/5|, Reb lrq+lc+mi^kb ^ka fk+mi^kb afpmi^`bjbkqp ^q mlfkq @ ^ob abklqba rÑ ^ka Syy*

obpmb`qfsbiv, Dlo ^k fk`fabkq peb^o t^sb Q tfqe afpmi^`bjbkq ^jmifqrab rp* qeb lrq+lc+mi^kb
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energy of the incident longitudinal wave, £ 1, is mode-converted into the shear wave, S. Thus, 

for our purposes, the convenient specimen angle 01 = 45° is also optimal for the generation 

of high amplitude shear waves. From Eq. ( 4.3), the angle of the reflected shear wave is 

found to be 02 = 26.5°, so ()3 = 18.5°. In this configuration, the reflected longitudinal wave 

will be incident at point A normal to the test film surface and all of the amplitude of the 

longitudinal displacement will contribute to the measured out-of-plane motion at point A. 

The corresponding shear wave arrives at the test film surface at point B, where only one part 

of the shear wave displacement contributes to the out-of-plane motion. The distance between 

points A and B is determined by the size of the sample and specific incident position of the 

YAG laser. Based on the previous analytical analysis of wave attenuation w.r.t. substrate 

thickness, the lengths of the orthogonal sides of the triangular cross-section in Fig. 4.1 are 

chosen to be 3 mm. Assuming the YAG beam is incident at the center of the 3 mm wide 

absorbing layer surface, the distance between points A and B is found to be approximately 

0.5 mm. However, for a 1 mm diameter YAG spot, the diameter of the wave front of the 

longitudinal wave will also be 1 mm (centered at point A) and the diameter of the wave 

front of the shear wave will be slightly larger, about 1.33 mm (centered at point B). Thus 

within region AB, the signals from the reflected longitudinal and shear waves are overlapped, 

although they arrive at different times. 

Actually when shear wave S reaches the test film surface at point B, it will be mode­

converted again into a shear wave S' and a longitudinal wave L3 as shown in Fig. 4.3. The 

incident angles of waves S' and £3 are 03 and 04, respectively. From Snell's law, 

( 4.4) 

04 ~ 30.17°. The out-of-plane and in-plane displacements at point B are denoted ui. and un, 

respectively. For an incident shear wave S with displacement amplitude us, the out-of-plane 
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Qfjfi^o ql qeb `^pb lc qbkpfib pm^ii^qflk* ^ K f`ebiplk fkqbocboljbqbo fp rpba ql abqb`q qeb

lrq+lc+mi^kb jlqflk l c qeb qbpq cfij proc^`b, Reb pqobppbp ^`qfkd fk qeb pr_pqo^qb ^ka ^q qeb

fkqboc^`b ^ob fkcbooba colj qeb jlqflk lc qeb qbpq cfij rpfkd t^sb jb`e^kf`p, ?kv lrq+lc+
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u.L 

Figure 4.3: Mode conversion at point B. 

displacement at point Bis obtained from basic wave-propagation theory [44], 

(4.5) 

where 

f3 = k sin 403 cos 04 + 2 sin 203 sin 204 sin 03 

sin 203 sin 204 + k2 cos2 202 • 
(4.6) 

The ratio between the in-plane and out-of-plane displacement components at point Bis 

u11 k sin 403 sin /Ji + 2k2 cos2 203 cos 03 
u .L = k sin 403 cos 04 + 2 sin 204 sin 283 sin 03 := "f • 

(4.7) 

For the current geometry, /3 ~ 0. 778 and 1 ~ 2.30. 

4.2.2 Measuring Principles 

Similar to the case of tensile spallation, a Michelson interferometer is used to detect the 

out-of-plane motion of the test film surface. The stresses acting in the substrate and at the 

interface are inferred from the motion of the test film using wave mechanics. Any out-of-
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mi^kb jlqflk l c qeb p^jmib proc^`b `^rpbp ^ `e^kdb fk pfdk^i cobnrbk`v arb ql qeb Blmmibo

bccb`q, ? crii cofkdb `loobpmlkap ql e^ic t^sbibkdqe &?l ; 035 kj ' lrq+lc+mi^kb jlsbjbkq,

@v cl`rpfkd qe b ^odlk abqb`qflk _b^j ^q ^ mlfkq _bqtbbk ? ^ka @ &Dfd, 2 ,/'* ^ ilkdfqrafk^i

t^sb* J0g ^ka ^ peb^o t^sb* 3 * tfii _b abqb`qba , Reb kloj^i afpmi^`bjbkq fk qeb pr_pqo^qb

o f - `^k _b l_q^fkba afob`qiv colj qeb lrq+lc+mi^kb fkqbocboljbqof` jb^probjbkqp ^q mlfkq ?,

Reb peb^o afpmi^`bj bkq ^jmifqrab o m `^k qebk _b `^i`ri^qba colj rpfkd qeb jlab `lksbopflk

`lbccf`fbkqp fk Cnp, &2,/' ^ka &2,0'8

o m - e pfk /6W `lp 0.-

o c - pfk /6, pfk - 1- }e - `lp- - 6- \

?iqbok^qfsbiv* qeb s^irb lc om `^k ^ipl _b l_q^fkba colj qeb peb^o m^oq l c qeb fkqbocbo+

ljbqof` jb^probjbkq ^q mlfkq @, Gab^iiv* qebpb qtl jbqelap pelria dfsb qeb p^jb obpriqp,

L lqb qe^q fk qe b bumbofj bkq* qeb t^sb afpmi^`bj bkqp o. ^ka o f - fk qeb pr_pqo^qb ^ob klq

jb^proba afob`qiv9 o^qebo* qeb lrq+lc+mi^kb afpmi^`bjbkq l c qeb cfij * r f &Cn, 2,5' ^ka / o f -

^ob ^`qr^iiv jb^proba, Mk`b qeb afpmi^`bjbkqp ^ob l_q^fkba* qeb `loobpmlkafkd pqobppbp fk

qeb pr_pqo^qb ^ka ^q qeb fkqboc^`b ^ob `^i`ri^qba8

r _ \ m &2,7'

+ &m ` p ' Ü f_ \ gm &2,/.'

$ ; &2,//'

l*H : &2,/0'

` * *s ^ /or ) ^ -om%0 * H / . ,
\fkq à wujb & àà&-\'cfij MY/ å &2+/1'

tebob b fp qeb qbpq cfij qef`hkbpp* ^ka l`ob ^ob qe b kloj^i ^ka peb^o pqobpp ^jmifqrabp

l c qeb t^sbp fk qeb pr_pqo^qb* ò\0q fp qeb fkqboc^`b qbkpfib pqobpp fkar`ba _v qeb ilkdfqrafk^i

t^sb X*-^qmlfk q ? &Dfd, 2 ,/'* o\q fp qeb fkqboc^`b peb^o pqobpp fkar`ba_v qeb peb^o t^sb

O ^qmlfkq @* ^ka fp qeb fkqboc^`b qbkpfib pqobppfkar`ba _v qeb peb^o t^sbO ^q mlfkq @
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plane motion of the sample surface causes a change in signal frequency due to the Doppler 

effect. A full fringe corresponds to half wavelength (Ao= 257 nm) out-of-plane movement. 

By focusing the argon detection beam at a point between A and B (Fig. 4.1), a longitudinal 

wave, L2, and a shear wave, S, will be detected. The normal displacement in the substrate 

U£2 can be obtained directly from the out-of-plane interferometric measurements at point A. 

The shear displacement amplitude us can then be calculated from using the mode conversion 

coefficients in Eqs. (4.1) and (4.2): 

us 2k sin 201 cos 202 
U£2 = sin 201 sin 282 - k2 cos2 202 • 

(4.8) 

Alternatively, the value of Us can also be obtained from the shear part of the interfer­

ometric measurement at point B. Ideally, these two methods should give the same results. 

Note that in the experiment, the wave displacements Us and U£2 in the substrate are not 

measured directly; rather, the out-of-plane displacement of the film, u1. (Eq. 4.7) and 2t£L2 

are actually measured. Once the displacements are obtained, the corresponding stresses in 

the substrate and at the interface are calculated: 

L2 
O"sub 

s 
Tsub -

L2 
aint -

s 
7int -

s 
O'int = 

( ) 
fJUL2 

- PC£ sub7it, 

8us 
-(pcs )sub 8t, 

fJ2u~ 
-2(ph)mmat2' 

a2u11 82usf37 
-(ph)film fJt2 = -(ph)mm fJt2 , 

{?u 82usf3 
-(ph )tum fJt/ = -(ph )mm 

' 8t2 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

(4.13) 

where his the test film thickness, a~~b and r!b are the normal and shear stress amplitudes 

of the waves in the substrate, O't~ is the interface tensile stress induced by the longitudinal 

wave L2 at point A {Fig. 4.1 ), ri~t is the interface shear stress induced by the shear wave 

Sat point B, and o-!t is the interface tensile stress induced by the shear wave Sat point B 
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&D fd, 2,/',

Cnr^qflkp &2,/0' ^ka &2,/1' fkaf`^qb qe^q _lqe kloj^i ^ka peb^o pqobppbp bufpq ^q mlfkq

@ ^ka qerp qeb cfij fkqboc^`b fk qefp obdflk fp ^`qr^iiv rkabo j fuba+jlab il^afkd, Dlo qeb

`roobkq p^jmib afjbkpflkp* eltbsbo* qeb peb^o pqobpp fp jr`e efdebo qe^k qeb kloj^i pqobpp

# i `e k N V[a 8 FJJ*F>) ; 2 ; 0,1.', Gk loabo ql l_q^fk ^ mrob peb^o+jlab il^afkd* qeb p^jmib

peltk fk Dfd, 2,/ kbbap ql _b `rq mbombkaf`ri^o ql qeb molm^d^qflk afob`qflk lc peb^o t^sb

O ^olrka mlfkq @ &Dfd, 2,2^', ? iqbok^qfsbiv* 1 s `lria _b `elpbk ql _b dob^qbo &D fd , 2 ,2_', Gk
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Gk qeb mrob peb^o `^pb* eltbsbo* qeb Kf`ebiplk fkqbocboljbqbo tfii kl ilkdbo _b ^_ib ql

abqb`q ^kv pfdk^i ^q mlfkq @ * qeb mrob peb^o afpmi^`bjbkq ^q mlfkq @ `^k _b fkcbooba _v

jb^profkd qeb pfdk^i ^q mlfkq ? ^ka qebk rpfkd qeb jlab `lksbopflk `lbccf`fbkq fk Cn, &2,6'

lo mlppf_iv `^k _b jb^proba afob`qiv rpfkd ^k ^iqbok^qb fkqbocboljbqof` qb`ekfnrb,

2,1 Cumbofjbkq^i Nol`barob

2,1,/ Cumbofjbkq^i Qbqrm

Reb Kf`ebiplk fkqbocboljbqbo rpba ql jb^prob qeb afpmi^`bjbkq lk qeb qbpq cfij fp pfjfi^o

ql qe^q rpba fk qeb qbkpfib qbpqp &Dfd, 2,3', Rtl fabkqf`^i peloq+cl`^i+afpq^k`b ibkpbp J0 ^ka

J1 ^ob mi^`ba 0. jj ^t^v colj qeb p^jmib ^ka pq^qflk^ov jfoolo fk loabo ql l_q^fk ^ pj^ii

cl`^i pmlq & { /. --j ', Gk qeb qbkpfib+pm^ii^qflk bumbofjbkq* bsbov mlfkq t fqefk qeb ^odlk
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(Fig. 4.1). 

Equations ( 4.12) and ( 4.13) indicate that both normal and shear stresses exist at point 

B and thus the film interface in this region is actually under mixed-mode loading. For the 

current sample dimensions, however, the shear stress is much higher than the normal stress 

(-ri~t/ o-fnt = uu/u.L = 'Y = 2.30). In order to obtain a pure shear-mode loading, the sample 

shown in Fig. 4.1 needs to be cut perpendicular to the propagation direction of shear wave 

S around point B (Fig. 4.4a). Alternatively, 01 could be chosen to be greater (Fig. 4.4b). In 

Fig. 4.4b, 02 = 1r /2 - 01 , Snell's law (Eq. 4.3) yields 

Solving for 01, one obtains 

sin01 = k. 
sin( i - 01) 

01 = arctan( k) = 57. 7°. 

(4.14) 

(4.15) 

In the pure shear case, however, the Michelson interferometer will no longer be able to 

detect any signal at point B, the pure shear displacement at point B can be inferred by 

measuring the signal at point A and then using the mode conversion coefficient in Eq. ( 4.8) 

or possibly can be measured directly using a.n alternate interferometric technique. 

4.3 Experimental Procedure 

4.3.1 Experimental Setup 

The Michelson interferometer used to measure the displacement on the test film is similar 

to that used in the tensile tests (Fig. 4. ,5) . Two identical short-focal-distance lenses L2 and 

L3 are placed 20 mm away from the sample and stationary mirror in order to obtain a small 

focal spot ( ~ 10 µm). In the tensile-spalla.tion experiment, every point within the argon 
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(b) 

Figure 4.4: Configurations of pure shear loading samples: (a) 01 = 45°, point A under 
tensile loading, point B under pure shear loading; (b) 01 = 57. 7°, point A under mixed-mode 
loading, point B under pure shear loading. 
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( Computer ) 
Ml~t---------1 Argon 

Figure 4.5: Schematic of the mixed-mode loading experiment and interferometric displace­
ment measurement. 

detection spot is in the same phase of motion; thus the spot size of the Argon beam is not 

critical. In the mixed-mode test, however, each point within the detection window has a 

different arrival time, so a smaller argon detection spot will better resolve the fastest feature 

in the stress wave. 

When using the interferometer to measure out-of-plane displacement, the Argon beam 

can be focused anywhere between points A and B and the interferometer will detect both 

the longitudinal wave L2 and shear waves S. The arrival time difference for the two waves 

depends on where the YAG is aimed, but is over 100 ns. Previous results obtained on a 3 mm 

thick fused silica plate sample (42] indicate the maximum stress is achieved within 30 ns after 

the initial wave arrival. By the time the shear wave arrives in the current experiment, the 

maximum of the longitudinal stress wave has already passed and the tail of that stress is 

almost negligible. Therefore, the important parts of the interferometric signals due to the 

longitudinal and shear waves are expected to be distinguishable. 
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2,1,0 Q^jmib D^_of`^qflk ^ka ?ifdkjbkq

? p`ebj^qf` lc qeb mofpj^qf` p^jmib rpba clo qeb j fuba+jlab il^afkd bumbofj bkq fp peltk

fk Dfd, 2,4, Reb ibkdqe lc qeb mofpj fp `elpbk ql _b /3 jj _^pba lk qeb qo^kpi^qflk buqbkq

lc qeb jlrkqfkd pq^db, Uebk mobm^ofkd qeb p^jmib* qe b ^irjfkrj qbpq cfij ^ka ^_plo_fkd

i^vbo ^ob s^mlo+abmlpfqba ^q qeb qlm ^ka _lqqlj pb`qflkp lc qeb qtl loqeldlk^i proc^`bp lc

qeb mofpj* b^`e tfqe ^k ^ob^ lc 1 jj V 1 jj, Gk qeb jfaaib pb`qflk lc qeb p^jmib* qtl

tfkaltp l c 1 jj u 1 jj ^ob ibcq clo qeb mromlpb lc ^ifdkjbkq, ? qefk i^vbo lc ^irjfkrj

cfij fp ^ipl abmlpfqba lk qeb `bkqbo mloqflk l c qeb l_ifnrb proc^`b fk qeb j faaib tfkalt, Reb

s^`rrj o^qb lc qeb bs^mlo^qlo fp `lkqoliiba ^q 2,. u /. ( 1 Rloo ^ka qeb abmlpfqflk o^qb fp

ebia _bqtbbk , + ^ka /3 ? -pb` , Reb cfk^i qef`hkbpp clo qeb ^_plo_fkd i^vbo fp `lkqoliiba ^q

.,2 grj tefib qeb qbpq cfij qef`hkbpp fp s^ofba _bqtbbk bumbofjbkqp, ?cqbo qeb ^irjfkrj fp

abmlpfqba* ^ qe fk t^qbodi^pp i^vbo lc rkfcloj qef`hkbpp fp abmlpfqba lk qeb ^_plo_fkd i^vbo

proc^`b tfqe ^ pq^ka^oa melqlifqeldo^mev pmfkkbo ^p abp`of_ba fk Ae^mqbo 1,

Gk loabo ql elia qeb p^jmib ci^q arofkd qeb cfij ^ka t^qbodi^pp abmlpfqflk* ^ pfif`lkb

bi^pqljbo* NBKQ &mlivafjbqevipfilu^kb'* fp rpba ql j^hb fkafsfar^i jliap clo eliafkd qeb

mofpjp, Dfdrob 2,5 peltp qeb `olpp pb`qflkp l c qtl jliap `ob^qba clo qeb `roobkq bumbofjbkqp,

Reb jlia fk Dfd, 2,5^ fp rpba ql elia qeb mofpj tebk bs^mlo^qfkd ^irjfkrj lkql qeb `bkqo^i

tfkalt lc qeb l_ifnrb proc^`b, Reb jlia fk Dfd, 2,5_ eliap qeb mofpj tefib bs^mlo^qfkd

^irjfkrj &_lqe qbpq cfij ^ka ^_plo_fkd i^vbo' lkql qeb qlm ^ka _lqqlj pb`qflkp lc qeb qtl

loqeldlk^i proc^`bp l c qeb mofpj ^ka ^ipl clo pmfk `^pqfkd qeb t^qbodi^pp `lkcfkfkd i^vbo,

F fde+qbjmbo^qrob `lmmbo q^mb fp rpba ql j^ph ^kv ^ob^p lk qeb mofpj tebob qeb cfij fp klq

abpfoba,

U^qbodi^pp Bbmlpfqflk

Reb rpb lc NBKQ jliap clo pmfkkfkd t^qbodi^pp fp bppbkqf^i, Reb jlia eliap qeb p^jmib ci^q

arofkd qeb pmfkkfkd ^ka molsfabp ^ dlla pb^i _bqtbbk qeb jlia ^ka qeb qbpq cfij proc^`b*
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4.3.2 Sample Fabrication and Alignment 

A schematic of the prismatic sample used for the mixed-mode loading experiment is shown 

in Fig. 4.6. The length of the prism is chosen to be 15 mm based on the translation extent 

of the mounting stage. When preparing the sample, the aluminum test film and absorbing 

layer are vapor-deposited at the top and bottom sections of the two orthogonal surfaces of 

the prism, each with an area of 6 mm x 3 mm. In the middle section of the sample, two 

windows of 3 mm x 3 mm are left for the purpose of alignment. A thin layer of aluminum 

film is also deposited on the center portion of the oblique surface in the middle window. The 

vacuum rate of the evaporator is controlled at 4.0 x 10-6 Torr and the deposition rate is 

held between 10 and 15 A/sec. The final thickness for the absorbing layer is controlled at 

0.4 µm while the test film thickness is varied between experiments. After the aluminum is 

deposited, a thin waterglass layer of uniform thickness is deposited on the absorbing layer 

surface with a standard photolithography spinner as described in Chapter 3. 

In order to hold the sample flat during the film and waterglass deposition, a silicone 

elastomer, PDMS (polydimethylsiloxane), is used to make individual molds for holding the 

prisms. Figure 4. 7 shows the cross sections of two molds created for the current experiments. 

The mold in Fig. 4.7a is used to hold the prism when evaporating aluminum onto the central 

window of the oblique surface. The mold in Fig. 4. 7b holds the prism while evaporating 

aluminum (both test film and absorbing layer) onto the top and bottom sections of the two 

orthogonal surfaces of the prism and also for spin casting the waterglass confining layer. 

High-temperature copper tape is used to mask any areas on the prism where the film is not 

desired. 

Waterglass Deposition 

The use of PDMS molds for spinning waterglass is essential. The mold holds the sample flat 

during the spinning and provides a good seal between the mold and the test film surface, 
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?_plo_fkd
i^vbo

Dfdrob 2,48 Q^jmib p`ebj^qf` clo j fuba+jlab bumbofjbkq,
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Test 
film 

Absorbing 
layer 

YAG 

Figure 4.6: Sample schematic for mixed-mode experiment. 
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NBKQ jlia

> 

?_plo_fkd i^vbo

NBKQ jlia

&_'

Dfdrob 2,58 Alkcfdro^qflkp lc qeb NBKQ jliap clo ^irjfkrj cfij abmlpfqflk ^ka t^qbodi^pp
pmfkkfkd,
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(a) 

Absorbing layer 

(b) 

Figure 4.7: Configurations of the PDMS molds for aluminum film deposition and waterglass 
spinning. 
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?_plofkd i^vbo

5
U^qbodi^pp

Dfdrob 2,68 Cadb bccb`q fk qeb t^qbodi^pp pmfkkfkd clo qeb mofpj p^jmib,

mobsbkqfkd t^qbodi^pp colj ib^hfkd ql qeb qbpq cfij pfab, Reb jlpq fjmloq^kq olib lc qeb

jlia* eltbsbo* fp ql molsfab ^ i^odb* ci^q ^ob^ ^ag^`bkq ql mofpj proc^`b, Qmfk `^pqfkd ^it^vp

molar`bp ^k badb bccb`q* f ,b ,* qeb pmfk `^pq i^vbo fp rkfcloj fk qeb `bkqo^i obdflk* _rq fk`ob^pbp

fk qef`hkbpp kb^o qeb badb, Dlo qeb i u i fk`e mi^qb pmb`fj bk rpba fk qeb qbkpfib pm^ii^qflk

bumbofjbkq* qeb badb bccb`q fp lkiv pfdkfcf`^kq ^ q qeb clro `lokbop, Klpq lc qeb `bkqo^i ^ob^

e^p ^ rkfcloj t^qbodi^pp qef`hkbpp, Dlo qeb qof^kdri^o mofpj rpba fk qeb j fuba+jlab qbpqfkd*

qeb proc^`b ^ob^ l c qe b ^_plo_fkd i^vbo ql _b `l^qba fp /3 jj u 1 jj , Reb tfaqe lc qeb

^ob^ &1 jj ' fp jr`e pj^iibo qe^k qeb ibkdqe &/3 jj ' ^ka qeb badb bccb`q _b`ljbp ^ pboflrp

mol_ibj, Reb t^qbodi^pp plirqflk j^v klq buqbka ql qeb badb ^ka `lokbop lc qeb mofpj ^p

fiirpqo^qba fk Dfd, 2 ,6 * lo qeb t^qbodi^pp i^vbo qef`hkbpp fk qeb `l^qba ^ob^ j^v klq _b rkfcloj,

?kv s^of^qflk fk t^qbodi^pp qef`hkbpp fp klq abpfo^_ib _b`^rpb fq ^ccb`qp qeb `lkpfpqbk`v lc

qeb t^sb+dbkbo^qflk jb`e^kfpj , ?p ^ obpriq* qe b p^jb W?E mltbo tfii dbkbo^qb ^ afccbobkq

^jmifqrab lc pqobpp t^sb ^q afccbobkq qbpq pmlqp, ? ipl* bu`bppfsbiv qef`h t^qbodi^pp kb^o qeb

badb qbkap ql abi^j fk^qb qeb ^_plo_fkd i^vbo colj qeb mofpj _bclob qbpqfkd,

Gk loabo ql l_q^fk ^ rkfcloj t^qbodi^pp i^vbo lsbo qeb telib ^_plo_fkd i^vbo proc^`b*

qeb mofpj p^jmib j rpq _b mi^`ba fk ^ jlia pr`e qe^q qeb proc^`b lc qeb mofpj fp mbocb`qiv

cirpe tfqe qeb proc^`b lc qeb jlia, Kloblsbo* qe b proc^`b `e^o^`qbofpqf`p l c qeb jlia jrpq

_b prfq^_ib clo pmfkkfkd, Reb NBKQ jlia b^pfiv p^qfpcfba qeb cfopq obnrfobjbkq ^p peltk fk
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Absoring layer 

Waterglass 

Figure 4.8: Edge effect in the waterglass spinning for the prism sample. 

preventing waterglass from leaking to the test film side. The most important role of the 

mold, however, is to provide a large, flat area adjacent to prism surface. Spin casting always 

produces an edge effect, i.e., the spin cast layer is uniform in the central region, but increases 

in thickness near the edge. For the 1 x 1 inch plate specimen used in the tensile spallation 

experiment, the edge effect is only significant at the four corners. Most of the central area 

has a uniform waterglass thickness. For the triangular prism used in the mixed-mode testing, 

the surface area of the absorbing layer to be coated is 15 mm x 3 mm. The width of the 

area (3 mm) is much smaller than the length (15 mm) and the edge effect becomes a serious 

problem. The waterglass solution may not extend to the edge and corners of the prism as 

illustrated in Fig. 4.8, or the waterglass layer thickness in the coated area may not be uniform. 

Any variation in waterglass thickness is not desirable because it affects the consistency of 

the wave-generation mechanism. As a result, the same YAG power will generate a different 

amplitude of stress wave at different test spots. Also, excessively thick waterglass near the 

edge tends to delaminate the absorbing layer from the prism before testing. 

In order to obtain a uniform waterglass layer over the whole absorbing layer surface, 

the prism sample must be placed in a mold such that the surface of the prism is perfectly 

flush with the surface of the mold. Moreover, the surface characteristics of the mold must 

be suitable for spinning. The PDMS mold easily satisfied the first requirement as shown in 
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Dfd, 2,5, Fltbsbo* t^qbodi^pp albp klq ^aebob ql qeb evaolmel_f` NBKQ jlia* mobsbkqfkd

pmfk `l^qfkd, Rl plisb qe fp mol_ibj* qeb NBKQ jliap ^ob fiirj fk^qba _v ^ ST ifdeq clo 3+/.

j fkrqbp, Reb ST fiirj fk^qflk lufafwbp ^kv lod^kf` jlib`ribp lk qeb NBKQ proc^`b ^ka

j^hbp qeb NBKQ jlob evaolmefif`, ?cqbo ST mol`bppfkd* qeb mofpj p^jmib fp mi^`ba fkql

qeb jlia &D fd , 2,5' clo t^qbodi^pp pmfkkfkd, Dfk^iiv* ^ rkfcloj t^qbodi^pp i^vbo fp l_q^fkba

qe^q `lsbop qeb telib ^ob^ lc qeb ^_plo_fkd i^vbo proc^`b,

Q^jmib ?ifdkjbkq

Dlo qeb j fuba+j lab `lkcfdro^qflk* ^ifdkjbkq lc qeb W?E ^ka ?odlk i^pbo _b^jp fp `e^iibkd+

fkd, ?p mf`qroba fk Dfd, 2,4* qeb ?odlk i^pbo fp fk`fabkq kloj^i ql qe b `bkqbo lc qeb tfkalt

lk qeb qbpq cfij proc^`b ^ka obcib`qba lrq l c qeb tfkalt lk qeb ^_plo_fkd i^vbo proc^`b, ?

W?E pbkpfqfsb m^mbo fp qebk mi^`ba fk colkq lc qeb tfkalt lk qeb ^_plo_fkd i^vbo proc^`b, @v

`^obcriiv ^agrpqfkd qeb mlpfqflk lc qeb p^jmib ^ka W?E i^pbo* qeb obcib`qba ?odlk i^pbo ^ka

fk`fabkq W?E i^pbo `^k _b tbii ^ifdkba lk qeb W?E m^mbo, @b`^rpb qeb ilkdfqrafk^i t^sbp

HW ^ka H - cliilt qeb p^jb m^qe ^p qeb ?odlk i^pbo _b^j * qefp ^ifdkjbkq jbqela molsfabp ^

dlla j ^q`e _bqtbbk qeb ^oofs^i mlpfqflk l c qeb ilkdfqrafk^i t^sb H - ^ka qeb ?odlk abqb`qflk

pmlq, Gk loabo ql ^ifdk qeb ^oofs^i mlpfqflk l c qeb peb^o t^sb O ^ka qe b ?odlk i^pbo* lkb kbbap

lkiv ql jlsb qeb ?odlk i^pbo elofwlkq^iiv _v ^ qeblobqf`^iiv hkltk afpq^k`b &.,3 jj clo qeb

`roobkq dblj bqov', Qfk`b jlsfkd qeb ?odlk i^pbo `^k `ljmif`^qb qe b ^ifdkjbkq* qeb p^jmib

fp qo^kpi^qba fkpqb^a fk qeb lmmlpfqb afob`qflk clo qeb p^jb afpq^k`b, ?cqbo qeb ^ifdkjbkq fp

`ljmibqba* qeb p^jmib fp jlsba sboqf`^iiv ql afccbobkq pmlqp clo j riqfm ib qbpqp, Reb `roobkq

dbljbqov ^iiltp rm ql 2 qbpqp mbo p^jmib,
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Fig. 4.7. However, waterglass does not adhere to the hydrophobic PDMS mold, preventing 

spin coating. To solve this problem, the PDMS molds are illuminated by a UV light for 5-10 

minutes. The UV illumination oxidizes any organic molecules on the PDMS surface and 

makes the PDMS more hydrophilic. After UV processing, the prism sample is placed into 

the mold (Fig. 4.7) for waterglass spinning. Finally, a uniform waterglass layer is obtained 

that covers the whole area of the absorbing layer surface. 

Sample Alignment 

For the mixed-mode configuration, alignment of the YAG and Argon laser beams is challeng­

ing. As pictured in Fig. 4.6, the Argon laser is incident normal to the center of the window 

on the test film surface and reflected out of the window on the absorbing layer surface. A 

YAG sensitive paper is then placed in front of the window on the absorbing layer surface. By 

carefully adjusting the position of the sample and YAG laser, the reflected Argon laser and 

incident YAG laser can be well aligned on the YAG paper. Because the longitudinal waves 

L1 and L2 follow the same path as the Argon laser beam, this alignment method provides a 

good match between the arrival position of the longitudinal wave L2 and the Argon detection 

spot. In order to align the arrival position of the shear wave S and the Argon laser, one needs 

only to move the Argon laser horizontally by a theoretically known distance (0.,5 mm for the 

current geometry). Since moving the Argon laser can complicate the alignment, the sample 

is translated instead in the opposite direction for the same distance. After the alignment is 

completed, the sample is moved vertically to different spots for multiple tests. The current 

geometry allows up to 4 tests per sample. 
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2,2 Cumbofjbkq^i Pbpriqp

2,2,/ Or^ifq^qfsb B^j^db M_pbos^qflkp

Qfdkfcf`^kq a^j^db fp l_pbosba fk qeb j fuba+jlab il^afkd bumbofjbkq, Dfdrob 2,7 peltp qtl

lmqf`^i melqldo^mep lc ^ /,. -fj qef`h a^j^dba cfij kb^o mlfkq @, Re^q qeb cfij e^p c^fiba

fk peb^o fp `ib^o, Reb cfij a^j^db ^ka c^firob jlab ^ob pfdkfcf`^kqiv afccbobkq qe^k l_pbosba

clo qeb qbkpfib cfij pm^ii^qflk fk Ae^mqbo 1, Gk qeb peb^o `^pb* qeb c^fiba cfij fp tofkhiba ^ka

qlok fk pb`qflkp* tefib rkabo qbkpfib il^afkd qeb cfij t^p ifcqba lcc qeb proc^`b fk ^ _ifpqbo ifhb

c^peflk &D fd, 1,4', Reb afob`qflk lc qeb tofkhifkd fk Dfd, 2,7 molsfabp ^aafqflk^i bsfabk`b

qe^q qeb c^firob fp `^rpba _v ^ peb^o t^sb,

Qfjfi^o ql qeb qbkpfib `^pb* qeb ^jlrkq ^ka buqbkq lc qeb a^j^db abmbkap lk qeb ^mmifba

i^pbo mltbo* qeb qbpq cfij qef`hkbpp* ^ka qe b t^qbodi^pp `lkcfkfkd i^vbo qef`hkbppbp, Klob

tofkhifkd ^ka qb^ofkd l``ro ^q efdebo i^pbo mltbo fk qef`hbo cfijp t fqe qef`hbo t^qbodi^pp

i^vbop, Dfdrobp, 2,/. ^ka 2,// `lkq^fk melqldo^mep lc qeb a^j^db l_pbosba lk ^ /,0 gffj cfij

tfqe ^ 2 d̀*j ^ka 1 `cj qef`h t^qbodi^pp `lkcfkfkd i^vbo* obpmb`qfsbiv, Dlo qeb p^jb p^jmib*

jlob a^j^db t^p l_pbosba ^q efdebo i^pbo cirbk`b, ?ka clo qeb p^jb cfij qef`hkbpp ^q qeb

p^jb i^pbo cirbk`b* jlob a^j^db t^p l_pbosba fk qeb p^jmibp tfqe ^ qef`hbo t^qbodi^pp i^vbo,

2,2,0 Or^kqfq^qfsb Gkqbocboljbqof` Kb^probjbkq

Gkqbocboljbqof` jb^probjbkqp tbob `^oofba lrq lk p^jmibp tfqe ^k ^irjfkrj qbpq cfij qef`h+

kbppbp _bqtbbk .,3 ^ka /,. `d)g+ ? qvmf`^i fkqbocboljbqof` pfdk^i ^q mlfkq ? fp peltk fk

Dfd, 2,/0, @^pba lk qeb j^qbof^i molmboqfbp molsfaba b^oifbo ^ka qeb qo^sbi afpq^k`b lc 1 jj*

qeb ^oofs^i lc qeb ilkdfqrafk^i t^sb H - fp bumb`qba ^q ^_lrq 363 kp, , Reb ^oofs^i lc qeb

peb^o t^sb Q ^q mlfkq ? fp bumb`qba ^q ^_lrq 5/. kp, C^`e ^oofs^i qfj b fp obcbobk`ba ql

qeb qofddbo qfj b lc qeb O+ptfq`e lc qeb W?E i^pbo %n : .', Reb fkqbocboljbqof` pfdk^i fk

/0)4/ZZh]N ) 6.kQabî v fk qebW?E
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4.4 Experimental Results 

4.4.1 Qualitative Damage Observations 

Significant damage is observed in the mixed-mode loading experiment. Figure 4.9 shows two 

optical photographs of a 1.0 µm thick damaged film near point B. That the film has failed 

in shear is clear. The film damage and failure mode are significantly different than observed 

for the tensile film spallation in Chapter 3. In the shear case, the failed film is wrinkled and 

torn in sections, while under tensile loading the film was lifted off the surface in a blister like 

fashion (Fig. 3.6). The direction of the wrinkling in Fig. 4.9 provides additional evidence 

that the failure is caused by a shear wave. 

Similar to the tensile case, the amount and extent of the damage depends on the applied 

laser power, the test film thickness, and the waterglass confining layer thicknesses. More 

wrinkling and tearing occur at higher laser power in thicker films with thicker waterglass 

layers. Figures. 4.10 and 4.11 contain photographs of the damage observed on a 1.2 µm film 

with a 4 µm and 6 µm thick waterglass confining layer, respectively. For the same sample, 

more damage was observed at higher laser fluence. And for the same film thickness at the 

same laser fluence, more damage was observed in the samples with a thicker waterglass layer. 

4.4.2 Quantitative Interferometric Measurement 

Interferometric measurements were carried out on samples with an aluminum test film thick­

nesses between 0.5 and 1.0 µm. A typical interferometric signal at point A is shown in 

Fig. 4.12. Based on the material properties provided earlier and the travel distance of 3 mm, 

the arrival of the longitudinal wave L2 is expected at about 585 ns. 1 The arrival of the 

shear wave S at point A is expected at about 710 ns. Each arrival time is referenced to 

the trigger time of the Q-switch of the YAG laser (t = 0). The interferometric signal in 
1 

5 _;4~-rr:njµ, + 80ns dela.y in the YAG 
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#X$ #Y$

Dfdrob 2,78 Rvmf`^i c^firob m^qqbokp l_pbosba lk ^ , `d)g ^irjfkrj cfij fk qeb j fuba+
jlab il^afkd bumbofjbkq8 &^' ^q ilt i^pbo mltbo &.,.64 H -jj 0'9 &_' ^q efde i^pbo mltbo
&.,/2. H -j j 0', Reb elofwlkq^i afob`qflk fk qeb jf`olmelqldo^me ebob `loobpmlkap ql qeb
afob`qflk ?à<+@ lc Dfd, 0, @ fp ^q qeb `bkqbo lc qeb a^j^db ^ka ? fp ql qeb ibcq,

#X$ #Y$ #Z$

Dfdrob 2,/.8 B^j^db m^qqbokp l_pbosba lk ^ /,0 cfj qef`h ^irjfkrj cfij tfqe ^ 2 g^j qef`h
t^qbodi^pp `lkcfkfkd i^vbo ^ka i^pbo cirbk`b lc8 &^' .,.62 H -j j 09 &_' + ) , , - H -j j 09 &`' .,/2.
H -j j 0,
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(a) (b) 

Figure 4.9: Typical failure patterns observed on a 1 µm aluminum film in the mixed­
mode loading experiment: (a) at low laser power (0.086 J/mm2); (b) at high laser power 
(0.140 J/mm2). The horizontal direction in the microphotograph here corresponds to the 
direction A➔B of Fig. 2. B is at the center of the damage and A is to the left. 

(a) (b) (c) 

Figure 4.10: Damage patterns observed on a 1.2 µm thick aluminum film with a 4 µm thick 
waterglass confining layer and laser fluence of: (a) 0.084 J/mm2; (b) 0.112 J/mm2

; (c) 0.140 
J/mm2

• 
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(a) (b) (c) 

Figure 4.11: Damage patterns observed on a 1.2 µm thick aluminum film with a 6 µm thick 
waterglass confining layer and laser fluence of: (a) 0.084 J/mm2; (b) 0.112 J/mm2; (c) 0.140 
J/mm2

• 

99 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

Boeing Ex. 1038, p. 120 of 175 
Boeing v. Regents Univ. Cal 



+),/

+),-

+),
<

.,.6

.,.4
l
< .,.2

.,.0
) Q:@ ?`i`e^

( .,.0
. 0.. 2.. 4.. 6.. ,+++

R fj b & k p '

Dfdrob 2,/08 Rvmf`^i fkqbocboljbqof` pfdk^i l_q^fkba fk j fuba+jlab il^afkd bumbofjbkq clo
^ /,. grj ^irjfkrj cfij tfqe 0. -fj qef`h t^qbodi^pp i^vbo ^ka i^pbo cirbk`b lc .,/2. ,/-jj0
^q mlfkq ?,
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obpmb`qfsbiv, ? pel`h ^mmb^op ql ^oofsb ^q ; 56. kp &fkaf`^qba _v qeb praabk qrokfkd fk

qeb cofkdb pfdk^i'* _rq fkqbomobqfkd qeb cofkdb a^q^ fp afccf`riq pfk`b mlfkq ? fp klq qeb `bkqbo

lc peb^o ^oofs^i ^ka qeb pel`h ^oofs^i fp jr`e i^qbo qe^k qeb bumb`qba 52. kp &1. kp ^cqbo
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^mmolufj^qbiv bnr^i ql qeb qo^sbi qfj b lc ^ ilkdfqrafk^i t^sb colj ^ mlfkq .,03 jj _bilt

A ql ? fk qe b qof^kdri^o mofpj &Dfd, 2,/',

Gk loabo ql `lkcfoj qeb l_pbosba t^sb ^oofs^i qfj bp ^ka ql bs^ir^qb qeb bccb`q lc af^dlk^iiv

dbkbo^qba pqobpp t^sbp colj A ql ? &Dfd, 2 ,/'* ^ obcbobk`b bumbofjbkq t^p `^oofba lrq lk ^

jr`e i^odbo mofpj tfqe `olpp+pb`qflk^i afjbkpflkp lc /3 jj u /3 jj ^p peltk fk Dfd, 2,/1,

Reb La8W?E i^pbo t^p fk`fabkq ^q mlfkq A( lk qeb ^_plo_fkd i^vbo ^q ^ afpq^k`b lc /,3 jj

colj qeb _lqqlj proc^`b ^ka qeb ?odlk i^pbo t^p cl`rpba ^q ^ mlfkq ?( /,3 jj ^t^v colj

qeb ofdeq proc^`b &p^jb afpq^k`b ^p fk qe b pj^iibo p^jmibp', Gk qefp `lkcfdro^qflk t^sbp
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Figure 4.12: Typical interferometric signal obtained in mixed-mode loading experiment for 
a 1.0 µm aluminum film with 20 µm thick waterglass layer and laser fluence of 0.140 J/mm2 

at point A. 

Fig. 4.12 shows the expected longitudinal and shear arrivals at t2 = 600 ns and t3 = 710 ns, 

respectively. A shock appears to arrive at t4 = 780 ns (indicated by the sudden turning in 

the fringe signal), but interpreting the fringe data is difficult since point A is not the center 

of shear arrival and the shock arrival is much later than the expected 740 ns (30 ns after 

the initial shear wave arrival). The data also show the arrival of a low-amplitude stress at 

about t1 = 400 ns, much earlier than the expected longitudinal wave L2 . This arrival time is 

approximately equal to the travel time of a longitudinal wave from a point 0.25 mm below 

C to A in the triangular prism (Fig. 4.1). 

In order to confirm the observed wave arrival times and to evaluate the effect of diagonally 

generated stress waves from C to A (Fig. 4.1), a reference experiment was carried out on a 

much larger prism with cross-sectional dimensions of 15 mm x 15 mm as shown in Fig. 4.13. 

The Nd:YAG laser was incident at point C* on the absorbing layer at a distance of 1.5 mm 

from the bottom surface and the Argon laser was focused at a point A* 1.5 mm away from 

the right surface (same distance as in the smaller samples). In this configuration waves 
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peltp qtl `ljm^o^qfsbiv pqolkd t^sb ^oofs^ip, ?p bumb`qba colj ^ af^dlk^iiv dbkbo^qba

ilkdfqrafk^i t^sb colj A( ql ?(* qeb cfopq t^sb ^oofs^i fp ^q n W ; 17. kp, Rebob fp ^ipl
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n W ; 17. kp ^ka qeb pb`lka ^q ; 350 kp fp ^mmolufj^qbiv bnr^i ql qeb o^qfl _bqtbbk qeb
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Figure 4.13: Schematic of the reference experiment for diagonal wave evaluation (laser fluence 
= 0.140 J/mm2). 

reflected from the oblique surface only arrived at positions far to the left of point A*, and 

the signal detected at A* was solely due to diagonal waves propagated directly from point 

C*. 

The interferometric signal detected from point A* is shown in Fig. 4.14. The signal 

shows two comparatively strong wave arrivals. As expected from a diagonally generated 

longitudinal wave from C* to A*, the first wave arrival is at t1 = 390 ns. There is also 

a clear second wave arrival at t2 = 572 ns. The ratio between the first wave arrival time 

t1 = 390 ns and the second at t2 = 572 ns is approximately equal to the ratio between the 

longitudinal and shear wave speeds CL and cs , i.e., 

t2 - 80ns = 572ns - 80ns = 1.
5871 

t1 - 80ns 390ns - 80ns 
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Figure 4.14: Interferometric signal detected at point A* for diagonal wave evaluation. 

CL = 5.94 = 1.584_ 
Cs 3.75 

The results of this reference experiment indicate that in the mixed-mode loading exper­

iment of Fig. 4.1, a diagonally generated longitudinal wave will arrive before L2 at approxi­

mately t1 = 390 ns and a diagonally generated shear wave will arrive at t2 = 572 ns ( the same 

time as L2), The additional waves are possibly due to surface roughness of the confining 

layer at point C (Fig. 4.1 ), or sharp edges in the YAG beam. While the stress caused by the 

diagonal longitudinal wave is clearly quite low, the diagonal shear wave is much stronger than 

the L2 wave. Since these two waves are overlapped, extracting information from the longitu­

dinal wave L2 signal is not reliable. Figure 4.14 also shows that the diagonal waves become 

weak after 700ns (indicated by the wide spacing of the interferometric fringes). Therefore, 

the shear part of the interferometric signal in the 3 mm prism can still be used to calculate 

the displacement of the shear wave. 

To quantify better the interfacial stress at film failure, the Argon detection beam was 
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cl`rpba ^q mlfkq @ &D fd , 2 ,/ '* qeb `bkqbo lc peb^o t^sb ^oofs^i, Rvmf`^i fkqbocboljbqof` a^q^

l_q^fkba ^q mlfkq @ ^ob peltk fk Dfd, 2,/3, @^pba lk qeb dbljbqov lc qeb p^jmib ^ka qeb

t^sb pmbbap fk crpba pfif`^* qe b peb^o t^sb ^oofs^i ^q mlfkq @ fp bumb`qba ^q 532 kp ^cqbo

cfofkd qeb O ptfq`e l c qeb W?E i^pbo,

?p bumb`qba * qeb af^dlk^iiv dbkbo^qba ilkdfqrafk^i ^ka peb^o t^sbp ^oofsb ^q n c ; 2.6

kp ^ka n - ; 4.5 kp* obpmb`qfsbiv, Reb peb^o t^sb O ^oofsbp ^q n . ; 535 kp * ^q qeb bumb`qba

qfj b, ? pel`h fp absbilmba 0/ kp i^qbo* fkaf`^qba _v qe b qfdeqbkfkd lc qeb cofkdb pm^`fkd

^ka ^ praabk qrokfkd lc cofkdb a^q^ ^q Q ; 556 kp, Refp cofkdb m^qqbok fp pfj fi^o ql qe^q

l_pbosba clo pel`hp fk qeb qbkpfib bumbofjbkq &D fd, 1,/3^', ?cqbo jlab+`lksboqfkd ^q qeb

l_ifnrb proc^`b* qeb pqobpp t^sb e^p obq^fkba qeb `e^o^`qbofpqf`p lc qeb pel`h absbilmba fk

qeb fkfqf^i ilkdfqrafk^i molm^d^qflk, Reb absbilmjbkq l c qeb pel`h fp arb ql qeb klkifkb^o

bi^pqf`fqv lc qeb crpba pfif`^ pr_pqo^qb ^ka fqp dbkbo^qflk jb`e^kfpj t^p buqbkpfsbiv afp`rppba

fk Qb`qflk 0,2,

U^qbodi^pp Ref`hkbpp Mmqfjfw^qflk

?p t^p qeb `^pb fk qe b qbkpfib+pm^ii^qflk bumbofjbkq* qebob fp ^k lmqfj ^i qef`hkbpp clo qeb

t^qbodi^pp `lkcfkfkd i^vbo fk qeb j fuba+jlab il^afkd bumbofj bkqp, Uebk qeb t^qbodi^pp

i^vbo fp qll qe f`h * ^ sbov efde ^jmifqrab pqobpp t^sb fp dbkbo^qba* obpriqfkd fk pfdkfcf`^kq

a^j^db ql qeb qbpq cfij , Fltbsbo* bu`bppfsb a^j^db lc qe b qbp q cfij ib^ap ql fk^``ro^`v fk

qeb fkqbocboljbqof` jb^probjbkq, Uebk qeb t^qbodi^pp i^vbo fp qll qe fk * qeb dbkbo^qba pqobpp

t^sb fp tb^h ^ka kl cfij a^j^db `^k _b fkar`ba, Gk loabo ql `^mqrob qeb fkqboc^`b pqobpp

grpq moflo ql cfij c^firob* qeb t^qbodi^pp i^vbo qef`hkbpp jrpq _b lmqfj fwba,

Gk qeb j fuba+jlab bumbofj bkq* qeb qo^sbi afpq^k`b lc qeb ilkdfqrafk^i t^sbp HW) H - ) ^ka

qeb peb^o t^sb O ^ob ^ii ^_lrq /,3 jj , U^sb HW e^p qe b efdebpq pqobpp ^jmifqrab, Gq fp

bumb`qba qe^q qe b pel`h tfii absbilm fk qeb HW t^sb ^ka ^kv pfdkfcf`^kq pel`h ^qqbkr^qflk lkiv

l``rop fk qeb H W t^sb* f,b,* lsbo qeb cfopq /,3 jj, Mk`b fq fp jlab+`lksboqba ^q qeb l_ifnrb

proc^`b* peb^o t^sb O pelria obq^fk qeb cb^qrobp l c qeb pel`h, Mkiv dbljbqof` ^qqbkr^qflk
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focused at point B ( Fig. 4.1 ), the center of shear wave arrival. Typical interferometric data 

obtained at point B are shown in Fig. 4.15. Based on the geometry of the sample and the 

wave speeds in fused silica, the shear wave arrival at point B is expected at 754 ns after 

firing the Q switch of the YAG laser. 

As expected, the diagonally generated longitudinal and shear waves arrive at t 1 = 408 

ns and t2 = 607 ns, respectively. The shear wave S arrives at t 3 = 757 ns , at the expected 

time. A shock is developed 21 ns later, indicated by the tightening of the fringe spacing 

and a sudden turning of fringe data at t4 = 778 ns. This fringe pattern is similar to that 

observed for shocks in the tensile experiment (Fig. 3.15a). After mode-converting at the 

oblique surface, the stress wave has retained the characteristics of the shock developed in 

the initial longitudinal propagation. The development of the shock is due to the nonlinear 

elasticity of the fused silica substrate and its generation mechanism was extensively discussed 

in Section 2.4. 

Waterglass Thickness Optimization 

As was the case in the tensile-spallation experiment, there is an optimal thickness for the 

waterglass confining layer in the mixed-mode loading experiments. When the waterglass 

layer is too thick, a very high amplitude stress wave is generated, resulting in significant 

damage to the test film. However, excessive damage of the test film leads to inaccuracy in 

the interferometric measurement. When the waterglass layer is too thin, the generated stress 

wave is weak and no film damage can be induced. In order to capture the interface stress 

just prior to film failure, the waterglass layer thickness must be optimized. 

In the mixed-mode experiment, the travel distance of the longitudinal waves L1, L2 1 and 

the shear wave S are all about 1.5 mm. Wave L1 has the highest stress amplitude. It is 

expected that the shock will develop in the L1 wave and any significant shock attenuation only 

occurs in the L1 wave, i.e., over the first 1.5 mm. Once it is mode-converted at the oblique 

surface, shear wave S should retain the features of the shock. Only geometric attenuation 
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Figure 4.15: (a) Typical interferometric signal obtained for a 0.57 µm thick aluminum film 
with 4 µm thick waterglass (laser fluence of 0.140 J/mm2) at point B; (b) expanded view 
detailing the shear wave portion of the signal in (a). 
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fp bumb`qba fk qeb pb`lka /,3 jj qo^sbi afpq^k`b, @^pba lk qeb m^o^jbqof` pqrav fk qeb

qbkpfib `^pb &Qb`qflk 1,2,2'* qeb obnrfoba t^qbodi^pp qef`hkbpp pelria _b pljbtebob _bqtbbk

.,2 mj &lmqfj^i qef`hkbpp clo qeb /,3 jj qef`h crpba pfif`^ pr_pqo^qbp' ^ka 6 mj &kb^o

lmqfj^i qef`hkbpp clo qeb 1,. jj qef`h crpba pfif`^ pr_pqo^qbp', Reobb afccbobkq t^qbodi^pp

qef`hkbppbpà 0 --j * 2 mj * ^ka 4 mjà tbob pqrafba, Reb fkqbocboljbqof` pfdk^i l_q^fkba ^q

mlfkq @ clo ^ .,3 mj qef`h ^irjfkrj cfij clo ^ii qeobb t^qbodi^pp i^vbo qef`hkbppbp ^ob peltk

fk Dfdp, 2,/4* 2,/5 ^ka 2,/6* obpmb`qfsbiv, Reb jb^probjbkqp tbob ^ii l_q^fkba ^q crii W?E

i^pbo mltbo,

? `ib^o pel`h t^p abqb`qba fk qeb p^jmibp t fqe ^ 0 mj ^ka 2 mj qef`h t^qbodi^pp `lkcfkfkd

i^vbo* _rq ifqqib lo kl cfij a^j^db t^p l_pbosba, ?iqelrde kl pel`h t^p abqb`qba fk qeb

cofkdb a^q^ clo qeb p^jmib tfqe ^ 4 mj qef`h t^qbodi^pp i^vbo &kl qrokfkd mlfkq'* qeb qbpq

cfij t^p pfdkfcf`^kqiv a^j^dba, Kr`e efdebo pr_pqo^qb pqobpp t^p dbkbo^qba t fqe fk`ob^pfkd

t^qbodi^pp qef`hkbpp, Reb j^ufjrj peb^o pqobpp dbkbo^qba fk qeb 0 mj t^qbodi^pp p^jmib

t^p ^_lrq .,05 EN^ ^ka qeb j^ufjrj peb^o pqobpp dbkbo^qba fk qeb 2 mj qef`h t^qbodi^pp

p^jmibp t^p ^_lrq .,20 EN^, Gkqbocboljbqof` a^q^ ^ob afccf`riq ql fkqbomobq fk qeb 4 mj

qef`h t^qbodi^pp p^jmib arb ql buqbkpfsb cfij a^j^db, Dlo ^``ro^qb `e^o^`qbofw^qflk lc qeb

fkqboc^`b pqobkdqe ^q cfij c^firob* fkqbocboljbqof` jb^probjbkqp pelria _b `^oofba lrq ofdeq

^q qeb fkfqf^qflk lc cfij c^firob ^ka qeb pel`h jrpq _b ^``ro^qbiv abqb`qba, Skabo qeb mobpbkq

bumbofjbkq^i `lkafqflkp* qeb 2 mj qef`h t^qbodi^pp i^vbo t^p abqbojfkba ql _b lmqfj ^i clo

qeb j fuba+jlab `^pb,

?aafqflk^i bumbofjbkqp tbob `^oofba lrq clo qtl afccbobkq cfij qef`hkbppbp* .,35 mj ^ka

/,. mj * _lqe tfqe t^qbodi^pp qef`hkbpp l c 2 mj , ? ii qbpqp tbob mboclojba ^q crii W?E mltbo,

Reb fkqbocboljbqof` pfdk^i clo qeb .,35 mj qef`h ^irjfkrj cfij fp peltk fk Dfd, 2,/3, Dolj

pbsbo^i jb^probjbkqp l_q^fkba ^q mlfkq @ &Dfd, 2 ,/'* qeb ^sbo^db j^ufjrj peb^o pqobpp fk

qeb pr_pqo^qb t^p .,27 Ñ .,.5 EN^ ^q crii W?E mltbo, Dlo qefp cfij qef`hkbpp* ifqqib lo kl

c^firob t^p l_pbosba, Reb ^sbo^db j^ufjrj fkqboc^`f^i peb^o pqobpp ^q mlfkq @ t^p 2/1 Ñ

05 KN^ ^ka qeb j^ufjrj fkqboc^`f^i qbkpfib pqobpp ^q mlfkq @ t^p 72 Ñ 6 KN^, Dlo qeb

/.3
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is expected in the second 1.5 mm travel distance. Based on the parametric study in the 

tensile case (Section 3.4.4), the required waterglass thickness should be somewhere between 

0.4 µm (optimal thickness for the 1.5 mm thick fused silica substrates) and 8 µm (near 

optimal thickness for the 3.0 mm thick fused silica substrates) . Three different waterglass 

thicknesses-2 µm, 4 µm, and 6 µm- were studied. The interferometric signal obtained at 

point B for a 0.5 µm thick aluminum film for all three waterglass layer thicknesses are shown 

in Figs. 4.16, 4.17 and 4.18, respectively. The measurements were all obtained at full YAG 

laser power. 

A clear shock was detected in the samples with a 2 µm and 4 µm thick waterglass confining 

layer, but little or no film damage was observed. Although no shock was detected in the 

fringe data for the sample with a 6 µm thick waterglass layer (no turning point), the test 

film was significantly damaged. Much higher substrate stress was generated with increasing 

waterglass thickness. The maximum shear stress generated in the 2 µm waterglass sample 

was about 0.27 GPa and the maximum shear stress generated in the 4 µm thick waterglass 

samples was about 0.42 GPa. Interferometric data are difficult to interpret in the 6 µm 

thick waterglass sample due to extensive film damage. For accurate characterization of the 

interface strength at film failure, interferometric measurements should be carried out right 

at the initiation of film failure and the shock must be accurately detected. Under the present 

experimental conditions, the 4 µm thick waterglass layer was determined to be optimal for 

the mixed-mode case. 

Additional experiments were carried out for two different film thicknesses, 0.57 µm and 

1.0 pm, both with waterglass thickness of 4 µm. All tests were performed at full YAG power. 

The interferometric signal for the 0.57 µm thick aluminum film is shown in Fig. 4.15. From 

several measurements obtained at point B (Fig. 4.1), the average maximum shear stress in 

the substrate was 0.49 ± 0.07 GPa at full YAG power. For this film thickness, little or no 

failure was observed. The average maximum interfacial shear stress at point B was 413 ± 

27 M Pa and the maximum interfacial tensile stress at point B was 94 ± 8 MPa. For the 
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Figure 4.16: (a) Interferometric signal obtained at point B for a 0.5 µm thick aluminum 
film with 2 µrn thick waterglass confining layer (laser fl.uence of 0.140 J/rnm2); (b) expanded 
view detailing the shear wave portion of the signal in (a). Arrow points to the turning of 
the fringe, which indicates a shock. 
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Figure 4.17: (a) Interferometric signal obtained at point B for a 0.5 µm thick aluminum 
film with 4 µm thick waterglass confining layer (laser :fluence of 0.140 J/mm2); (b) expanded 
view detailing the shear wave portion of the signal in (a). Arrow points to the turning of 
the fringe, which indicates a shock. 
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Figure 4.18: (a) Interferometric signal obtained at point B for a 0.5 µm thick aluminum 
film with 6 µm thick waterglass confining layer (laser fluence of 0.140 J/mm2); (b) expanded 
view detailing the shear wave portion of the signal in (a). 
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/,. d̀*j qbpq cfij ^q crii W?E mltbo* pfdkfcf`^kq a^j^db l``rooba ql qe b cfij* _rq kl pel`h t^p

abqb`qba fk qe b fkqbocboljbqof` a^q^, Reb buqbkpfsb cfij a^j^db lk`b ^d^fk j^ab `^i`ri^qflk

lc qeb fkqboc^`f^i pqobpp afccf`riq,

2,3 Qeb^o Qqobkdqe lc ?irjfkrj-Drpba Qfif`^

Gkqboc^`b

Efsbk qeb mltbo ifj fq^ qflk l c qeb W?E i^pbo ^ka qeb afccf`riqv fkqbomobqfkd fkqbocboljbqof`

a^q^ clo qef`hbo cfij p* lkb kbbap ql `^obcriiv `ellpb qeb qbpq cfij qef`hkbpp ql ^``ro^qbiv

jb^prob qeb pqobpp ^q lo grpq moflo ql c^firob, @^pba lk qeb qbpq obpriqp l c qeb mobsflrp

pb`qflk* fq fp bpqfj ^qba qe^q qeb cfij qef`hkbpp clo `^mqrofkd qeb c^firob fk fqf^qflk fp _bqtbbk

.,35 ^ka /,. d̀*j ^ka qeb i^pbo mltbo obnrfoba ql fk fqf^ qb c^firob tfii s^ov tfqe cfij qef`hkbpp,

? pbofbp lc bumbofj bkqp tbob mboclojba lk mofpjp tfqe qbpq cfij qef`hkbpp o^kdfkd colj

.,35à /,. -rk * ^_plo_fkd i^vbo qef`hkbpp l c .,2 `rj* ^ka t^qbodi^pp `lkcfkfkd i^vbo qef`hkbpp

lc 2 d̀)j,

Gk loabo ql abqboj fkb qeb ^irj fkrj -crpba pfif`^ fkqboc^`b peb^o pqobkdqe* bumbofjbkqp

tbob `^oofba lrq fk qtl pqbmp, Gk qeb cfopq pqbm * 7 mofpjp tbob c^_of`^qba t fqe 1 afccbobkq

qbpq cfij qef`hkbppbp* /,. \j &2 p^jmibp'* .,6 `rg &1 p^jmibp'* ^ka .,46 &0 p^jmibp', ?

prjj^ov lc qeb i^pbo mltbo obnrfoba ql fk fqf^ qb cfij c^firob fp molsfaba fk R^_ib 2,/, ?p qeb

cfij qef`hkbpp ab`ob^pbp* dob^qbo W?E i^pbo mltbo fp obnrfoba ql fk fqf^ qb qeb c^firob,

Reb clro p^jmibp t fqe /,. `rg qef`h ^irjfkrj qbpq cfijp tbob qbpqba ^q clro afccbobkq

W?E i^pbo mltbop* 4.#* 6.#* 7.#* ^ka /..# &`loobpmlkafkd ql i^pbo cirbk`bp ^q .,.62*

.,//0* .,/04* ^ka .,/2. H -j j 0', Reobb p^jmibp c^fiba ^q i^pbo mltbop 6.# ^ka dob^qbo* ^ka

lkb c^fiba ^q ^ii clro i^pbo mltbop, Reb lkb qe^q c^fiba ^q iltbo mltbo e^a mllo cfij nr^ifqv

colj bs^mlo^qflk ^ka j^ab qe fp qbpq ibpp obif^_ib, Dlo qtl lc qeb p^jmib c^firobp ^q 6.# ^ka

^_lsb* kl pel`h t^p l_pbosba fk qeb cofkdb a^q^ arb ql buqbkpfsb cfij a^j^db* molef_fqfkd

^``ro^qb `^i`ri^qflk lc qe b fkqboc^`b pqobpp, Fltbsbo* ^ `ib^o pel`h t^p abqb`qba ^q 4.#

/.7
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1.0 µm test film at full YAG power, significant damage occurred to the film, but no shock was 

detected in the interferometric data. The extensive film damage once again made calculation 

of the interfacial stress difficult. 

4.5 Shear Strength of Aluminum/Fused Silica 

Interface 

Given the power limitation of the YAG laser and the difficulty interpreting interferometric 

data for thicker films, one needs to carefully choose the test film thickness to accurately 

measure the stress at or just prior to failure. Based on the test results of the previous 

section, it is estimated that the film thickness for capturing the failure initiation is between 

0.57 and 1.0 µm and the laser power required to initiate failure will vary with film thickness. 

A series of experiments were performed on prisms with test film thickness ranging from 

0.,57-1.0 µm, absorbing layer thickness of 0.4 µm, and waterglass confining layer thickness 

of 4 µm. 

In order to determine the aluminum/fused silica interface shear strength, experiments 

were carried out in two steps. In the first step, 9 prisms were fabricated with 3 different 

test film thicknesses, 1.0 µm (4 samples), 0.8 µm (3 samples), and 0.68 (2 samples). A 

summary of the laser power required to initiate film failure is provided in Table 4.1. As the 

film thickness decreases, greater YAG laser power is required to initiate the failure. 

The four samples with 1.0 µm thick aluminum test films were tested at four different 

YAG laser powers, 60%, 80%, 90%, and 100% (corresponding to laser fluences at 0.084, 

0.112, 0.126, and 0.140 J /mm2). Three samples failed at laser powers 80% and greater, and 

one failed at all four laser powers. The one that failed at lower power had poor film quality 

from evaporation and made this test less reliable. For two of the sample failures at 80% and 

above, no shock was observed in the fringe data due to extensive film damage, prohibiting 

accurate calculation of the interface stress. However, a clear shock was detected at 60% 
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i^pbo mltbo, Reb jb^proba j^ufjrj fkqboc^`b pqobpp ^q qefp i^pbo mltbo t^p 216 KN^, Mk

lkb p^jmib qe^q c^fiba ^q 6.#* ^iqelrde ^ pj^ii ^jlrkq lc cfij abi^j fk^qflk t^p fk fqf^qba *

^ pel`h t^p pqfii abqb`qba , Reb j^ufjrj fkqboc^`b pqobpp colj qefp jb^probjbkq t^p 315

KN^,

Reobb p^jmibp t fqe ^ cfij qef`hkbpp l c .,6 ` cg tbob qbpqba ^q W?E i^pbo mltbop lc 5.#*

6.#* 7.#* ^ka /..#, Rtl p^jmibp c^fiba ^q i^pbo mltbop 6.# ^ka dob^qbo* ^ka lkb c^fiba

^q i^pbo mltbo lc 7.# ^ka dob^qbo, Ll pel`h t^p abqb`qba ^q c^firob* _rq `ib^o pel`hp tbob

abqb`qba ^q 5.# i^pbo mltbo grpq moflo ql cfij c^firob, Reb jb^proba j^ufjrj fkqboc^`b

pqobpp moflo ql cfij c^firob t^p 253 KN^,

Reb qtl mofpj p t fqe ^ .,46 ,cg cfij qef`hkbpp tbob qbpqba ^q 5.#* 6.#* 7.#* ^ka /..#

W?E mltbop, @lqe cfijp c^fiba ^q i^pbo mltbop 7.# ^ka dob^qbo, ?d^fk* kl dlla a^q^ tbob

l_q^fkba ^q c^firob* _rq qeb jb^proba j^ufjrj fkqboc^`b pqobpp _bclob cfij c^firob &6.# i^pbo

mltbo' t^p 24. KN^,

? cfk^i mofpj t^p c^_of`^qba t fqe ^ /,0 ` cg cfij ^ka qbpqba ^q clro i^pbo mltbop 4.#*

6.#* 7.# ^ka /..#, Qfdkfcf`^kq cfij a^j^db l``rooba ^q ^ii clro mltbop, Llkb l c qeb

fkqbocboljbqof` j b^probjbkqp tbob prfq^_ib clo fkqbomobqfkd qeb fkqboc^`b pqobkdqe arb ql

buqbkpfsb cfij a^j^db,

Dlo qeb / ,. *. ,6 ^ka .,46 -fj qef`h ^irj fkrj cfij p^jmibp* qeb j^ufjrj fkqboc^`b pqobppbp

jb^proba ^q i^pbo mltbop grpq _bilt qeb ibsbi obnrfoba ql `^rpb c^firob ^ob ifpqba fk qeb cfopq

qtl `lirjkp lc R^_ib 2,0 qldbqebo t fqe qe b `loobpmlkafkd mltbo ibsbi, Brb ql cfij a^j^db

^q c^firob* lkiv lkb a^q^ mlfkq t^p l_q^fkba clo qeb fkqboc^`b pqobpp ^q cfij c^firob* tef`e fp

ifpqba fk qeb cfopq qtl `lirjkp lc R^_ib 2 ,1 ,

Efsbk qeb ifj fq^qflk lk i^pbo mltbo t fqe qeb //. jH La8W?E i^pbo rpba fk qeb mobpbkq

bumbofjbkqp* fq t^p afccf`riq ql l_q^fk a^q^ grpq ^q c^firob, P^qebo qe^k qbpqfkd jlob mofpjp

^p abp`of_ba ^_lsb* ^ afccbobkq ^mmol^`e t^p ^almqba ql bpqfj ^qb qeb pqobpp ^q c^firob, Gk qefp

pb`lka pq^db l c bumbofj bkqp* bfdeq mofpj p^jmibp tbob c^_of`^qba tfqe ^ sbov qefk qbpq cfij

qef`hkbpp lc .,0 % cg+ Refp cfij qef`hkbpp dr^o^kqbbp kl cfij a^j^db tfii l``ro ^ka qeb pel`h

//.
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laser power. The measured maximum interface stress at this laser power was 438 MPa. On 

one sample that failed at 80%, although a small amount of film delamination was initiated, 

a shock was still detected. The maximum interface stress from this measurement was 537 

MPa. 

Three samples with a film thickness of 0.8 µm were tested at YAG laser powers of 70%, 

80%, 90%, and 100%. Two samples failed at laser powers 80% and greater, and one failed 

at laser power of 90% and greater. No shock was detected at failure, but clear shocks were 

detected at 70% laser power just prior to film failure. The measured maximum interface 

stress prior to film failure was 475 MPa. 

The two prisms with a 0.68 µm film thickness were tested at 70%, 80%, 90%, and 100% 

YAG powers. Both films failed at laser powers 90% and greater. Again, no good data were 

obtained at failure, but the measured maximum interface stress before film failure (80% laser 

power) was 460 MP a. 

A final prism was fabricated with a 1.2 µm film and tested at four laser powers 60%, 

80%, 90% and 100%. Significant film damage occurred at all four powers. None of the 

interferometric measurements were suitable for interpreting the interface strength due to 

extensive film damage. 

For the 1.0, 0.8 and 0.68 µm thick aluminum film samples, the maximum interface stresses 

measured at laser powers just below the level required to ca.use failure are listed in the first 

two columns of Table 4.2 together with the corresponding power level. Due to film damage 

at failure, only one data point was obtained for the interface stress at film failure, which is 

listed in the first two columns of Table 4.3. 

Given the limitation on laser power with the 110 mJ Nd: YAG laser used in the present 

experiments, it was difficult to obtain data just at failure. Rather than testing more prisms 

as described above, a different approach was adopted to estimate the stress at failure. In this 

second stage of experiments, eight prism samples were fabricated with a very thin test film 

thickness of 0.2 µm. This film thickness guarantees no film damage will occur and the shock 
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R^_ib 2,/8 J^pbo mltbo obnrfoba ql fkfqf^qb c^firob clo afccbobkq cfij qef`hkbppbp,

D fij
qef`hkbpp

Q^jmib Ll,
/ 0 1 2

/,. -fj 6.# 6.# 6.# 4.#(
.,6 --j 7.# 6.# 6.#
.,46 -qj 7.# 7.#

( mol_ibj^qf` a^q^

R^_ib 2,08 Gkqboc^`b peb^o pqobpp ^ka i^pbo mltbo moflo ql cfij c^firob fkfqf^qflk,

Dfij
qef`hkbpp

Kb^proba Cpqfj^qba
&KN^' J^pbo mltbo &EN^' J^pbo mltbo

/,. -fj
216 4.#

263 4.#151 4.#
2/. 4.#

.,6 -fj
253 6.# 225 6.#
205 5.#

2/5 5.#
15. 5.#

.,46 --j
155 6.#

160 6.#
24. 6.#

R^_ib 2,18 Gkqboc^`b peb^o pqobkdqe ^ka i^pbo mltbo ^q cfij c^firob fkfqf^qflk,

Dfij
qef`hkbpp

Kb^proba Cpqfj^qba

&KN \ J^pbo mltbo Rckq &KN^' J^pbo mltbo

/,. --j
315 6.#

340 6.#L -? 6.#
L -? 6.#

.,6 -fj
L -? 7.# 354 7.#
L -? 6.#

23. 6.#
L -? 6.#

.,46 -fj
L -? 7.#

27. 7.#L -? 7.#
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Table 4.1: Laser power required to initiate failure for different film thicknesses. 

I Film ll Sample No. 
thickness 1 I 2 I 3 I 4 
1.0 µm 80% 80% 80% 60%* 
0.8 µm 90% 80% 80% 

0.68 µm 90% 90% 
* problematic data 

Table 4.2: Interface shear stress and laser power prior to film failure initiation. 

Film Measured Estimated 
thickness ri~t (MPa) Laser power ri~t (GPa) Laser power 

438 60% 
l.Oµm 373 60% 485 60% 

410 60% 
475 80% 447 80% 

0.8 µm 427 70% 

370 70% 
417 70% 

377 80% 
0.68 µm 

460 80% 
382 80% 

Table 4.3: Interface shear strength and laser power at film failure initiation. 

Film Measured Estimated 
thickness ri~t (MPa) Laser power ri~t (MPa) Laser power 

537 80% 
l.Oµm N/A 80% 562 80% 

N/A 80% 
N/A 90% 576 90% 

0.8 µm N/A 80% 

N/A 80% 
450 80% 

N/A 90% 
0.68 µm N/A 90% 490 90% 
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Table 4.4: Correlation of maximum substrate/interface stress and applied laser fluence. 

Sample Fluence: 0.084 J /mm2 Fluence: 0.112 J/mm2 Fluence: 0.140 J /mm2 

,::; 
Ti~t 

,::; 
Ti~t 

,::; ,::; 

No. Tsub 7sub 7 sub 7 int 
(GPa) (MPa) (GPa) (MPa) (GPa) (MPa) 

1 -0.36 128 -0.35 144 -0.44 212 
2 -0.31 83 -0.36 109 -0.46 129 
3 -0.37 * -0.44 108 -0.51 175 
4 -0.45 85 -0.37 98 -0.45 122 
5 -0.33 81 -0.40 145 -0.52 185 
6 -0.41 94 -0.48 116 -0.54 221 
7 -0.28 84 -0.33 85 -0.38 128 
8 -0.37 116 -0.39 100 -0.48 219 

I Average lj -0.35±0.04 I 95±18 I -0.39±0.05 j 112±21 j -0.47±0.05 j 176±40 

I Top-3-Ave II -0.39±0.02 I 113±17 I -0.44±0.04 I 135±16 I -0.52±0.02 I 217±5 
* problematic data is deleted due to uncertainty in fringe data. 

will be accurately detected. Thus, these data can be used to calibrate the stress at different 

laser powers. On each sample, 3-4 laser powers were applied at different test spots. A 

typical interferometric signal obtained for one of the 0.2 µm films at point B (laser :fluence of 

0.140 J /mm2) and the corresponding substrate shear stress are shown in Fig. 4.19. Through 

these experiments, a correlation between the maximum substrate/interface shear stress and 

the YAG laser power is established. The measured maximum substrate and interface shear 

stress at three laser fluences, 0.084 J/mm2, 0.112 J/mm2, and 0.140 J/mm2 are summarized 

in Table 4.4. The substrate and interface stress are also plotted in Fig. 4.20 for each laser 

fluence with error bars for each individual data point. 

Overall, higher substrate and interface stress were obtained at higher laser fluence. How­

ever, there is some variation from sample to sample for each laser fluence. These variations 

may be due to delamination of the absorbing and waterglass layer before testing, inaccuracy 

in aligning the Argon detection beam or variation in the wave generation mechanism at high 

laser power. In some samples, the waterglass layer starts to delaminate prior to testing, which 

results in lower values of the measured substrate and interface stress. Although extreme care 

is given to the alignment of the Argon detection and YAG laser beam, some inaccuracy such 
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Figure 4.19: Typical interferometric data obtained on a 0.2 µm film at laser fluence of 
0.140 J/mm2

: (a) fringe data; (b) substrate shear stress. 
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Figure 4.20: Maximum substrate and interface shear stress on prism samples with 0.2 µm 
thick aluminum film, 0.4 µm thick absorbing layer and 4 µm thick waterglass layer: (a, b) 
laser fluence at 0.084 J/mm2; (c, d) laser fluence at 0.112 J/mm2; (e, f) laser fl.uence at 
0.140 J/mm2 
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as sample tilting in the vertical plane is sometimes unavoidable. The laser beams are only 

aligned in the window located in the center section of the prism sample (Fig. 4.6). After the 

alignment is complete, the sample is translated vertically to each different test spot. Thus, 

any tilting of the sample in the vertical plane moves the Argon detection beam off the center 

of the shear wave arrival position. If all the other conditions are optimal, the signal detected 

at the center of the shear arrival should yield the highest amplitude of stress. Assuming the 

absorbing layer did not delaminate before testing, the higher values listed in Table 4.4 are 

more likely to reflect the highest stress acting on the interface. 

In order to evaluate the overall variation between the measurements performed on differ­

ent samples, two new variables Rsub and Rint are introduced as the ratios of each individual 

substrate and interface stress over the average substrate and interface stress, 

(4.16) 

where Ts!b is the substrate stress for each individual measurement, fs!b is the overall average 

substrate stress at each laser fluence, Ti~t is the interface stress for each individual measure­

ment, and fi!t is the overall average interface stress at each laser fluence. In Fig. 4.21, Rsub 

and Rint are plotted for each measurement at the three different laser fluences. The deviation 

of the substrate stress from the average value is within the range of ±20%. The deviation 

of the interface stress from the averaged value is ±30%. 

Following the calibration experiments, both the interface stress prior to failure and at 

failure for the previous three film thicknesses 1.0 µm, 0.8 µm and 0.68 µm were estimated 

using the data in Table 4.4 and the power levels at or just below those listed in Table 4.1. 

The estimated interface stress was obtained by multiplying the interface stress in Table 4.4 at 

the corresponding laser fluence just prior to or at failure by the ratio of the actual thickness 

to 0.2 µm (the film thickness used in the calibration experiments). The estimated values for 

interface stress are summarized in the right hand two columns of Tables 4.2 and 4.3. From 
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Figure 4.21: Variations in data between samples: {a) Rsubi (b)Rint• 
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2,4 Bfp`rppflk ^ka Alk`irpflkp

Gk qefp qebpfp* ^ kbt qbpq jbqela t^p absbilmba clo pqravfkd j fuba+jlab fkqboc^`f^i c^firob lc

qe fk cfijp, ?``loafkd ql qeb t^sb molm^d^qflk ^ka obcib`qflk qeblov* ^ efde ^jmifqrab peb^o

t^sb t^p dbkbo^qba _v ^iiltfkd qeb fkfqf^i ilkdfqrafk^i t^sb ql jlab `lksboq ^q ^k l_ifnrb

proc^`b, ?cqbo lmqfj fwfkd qeb qef`hkbpp lc qe b t^qbodi^pp `lkcfkfkd i^vbo* ^ peb^o t^sb tfqe

i^odb bklrde pqobpp ql c^fi ^k ^irjfkrj cfij -cr pba pfif`^ fkqboc^`b t^p l_q^fkba, Reb obpriqfkd
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Figure 4.22: Interface stress prior to and at failure initiation. 

Table 4.4, the highest interface stress measured prior to film failure was 475 MPa while 

the highest interface stress estimated was 485 MPa, very close to the measured value. The 

only measured data point available for interface stress at failure was 537 MPa. As listed in 

Table 4.3, the estimated lowest interface stress is 450 MPa. Averaging all the measured and 

estimated values in Table 4.3, it appears that the interface shear strength of aluminum/fused 

silica substrate is approximately 523 ± 52 MPa. The interface stress just prior to and at 

film failure are also plotted in Fig. 4.22 for all available measurements. 

4.6 Discussion and Conclusions 

In this thesis, a new test method was developed for studying mixed-mode interfacial failure of 

thin films. According to the wave propagation and reflection theory, a high amplitude shear 

wave was generated by allowing the initial longitudinal wave to mode convert at an oblique 

surface. After optimizing the thickness of the waterglass confining layer, a shear wave with 

large enough stress to fail an aluminum film/fused silica interface was obtained. The resulting 
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peb^o pqobpp t^p `^i`ri^qba colj efde+pmbba fkqbocboljbqof` afpmi^`bjbkq jb^probjbkqp, Reb

fkqbocboljbqof` cofkdb a^q^ obsb^iba qeb absbilmjbkq l c ^ pel`h arb ql klkifkb^o plcqbkfkd

lc qeb crpba pfif`^ pr_pqo^qb, ?cqbo jlab `lksboqfkd ^q qeb l_ifnrb proc^`b* qeb pqobpp t^sb

obq^fkba cb^qrobp lc qeb pel`h* pfj fi^o ql qelpb l_pbosba fk mobsflrp qbkpfib bumbofj bkqp,

Reb fkqboc^`f^i pqobkdqe fk peb^o t^p bpqfj^qba ^q 301 Ñ 7. KN^* pifdeqiv efdebo qe^k qe^q

obnrfoba ql `^rpb c^firob rkabo qbkpfib il^afkd* tef`e t^p ^_lrq 27. Ñ 5. KN^* f,b,* qe b p^jb

fkqboc^`b e^p efdebo pqobkdqe rkabo j fuba+jlab il^afkd, Refp l_pbos^qflk fp `lkpfpqbkq tfqe

qeb nr^pf+pq^qf` j fuba+jlab bumbofjbkqp lk _f+i^vbo p^jmibp Y37* 46[* fk tef`e fkqboc^`f^i

co^`qrob bkbodv e^p _bbk clrka ql fk`ob^pb t fqe fk`ob^pfkd jlab GG `ljmlkbkq,

Reb c^firob m^qqbokp absbilmba rkabo j fuba+jlab il^afkd &jlpqiv peb^o jlab' ^ob afc+

cbobkq colj qelpb l_pbosba fk qeb qbkpfib+pm^ii^qflk bumbofj bkq, Qfdkfcf`^kq tofkhifkd ^ka

qb^ofkd l``rop fk qeb cfijp arb ql qeb peb^o il^afkd, Reb `roobkq cfij c^firobp ^ipl afccbo

colj lqebo jb`e^kfpjp obmloqba fk ifqbo^qrob* pr`e ^p cfij `o^`hfkd arb ql obpfar^i qbkpflk

^ka _ifpqbo+ifhb _r`hib+aofsbk abi^jfk^qflk arb ql obpfar^i `ljmobppflk, Rebpb obpriqp fkaf+

`^qb qe^q jlab abmbkabk`b l c fkqboc^`f^i qlrdekbpp mi^vp ^ `ofqf`^i olib fk abqboj fkfkd qeb

pbnrbk`b lc bsbkqp ib^afkd ql cfij c^firob, Reb rpb l c i^pbo dbkbo^qba peb^o t^sbp molsfabp ^

kbt qlli ql bumilob ^ o^kdb l c qefk+cfij fkqboc^`f^i c^firob jlabp ^p tbii ^p qeb olib lc pr`e

buqofkpf` bccb`qp ^p obpfar^i pqobpp* proc^`b olrdekbpp* ^ka fjmbocb`qflkp,
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shear stress was calculated from high-speed interferometric displacement measurements. The 

interferometric fringe data revealed the development of a shock due to nonlinear softening 

of the fused silica substrate. After mode converting at the oblique surface, the stress wave 

retained features of the shock, similar to those observed in previous tensile experiments. 

The interfacial strength in shear was estimated at 523 ± 90 MPa, slightly higher than that 

required to cause failure under tensile loading, which was about 490 ± 70 MPa, i.e., the same 

interface has higher strength under mixed-mode loading. This observation is consistent with 

the quasi-static mixed-mode experiments on bi-layer samples [59, 68], in which interfacial 

fracture energy has been found to increase with increasing mode II component. 

The failure patterns developed under mixed-mode loading (mostly shear mode) are dif­

ferent from those observed in the tensile-spallation experiment. Significant wrinkling and 

tearing occurs in the films due to the shear loading. The current film failures also differ 

from other mechanisms reported in literature, such as film cracking due to residual tension 

and blister-like buckle-driven delamination due to residual compression. These results indi­

cate that mode dependence of interfacial toughness plays a critical role in determining the 

sequence of events leading to film failure. The use of laser generated shear waves provides a 

new tool to explore a range of thin-film interfacial failure modes as well as the role of such 

extrinsic effects as residual stress, surface roughness, and imperfections. 
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Ae^mqbo 3

Alk`irafkd Pbj^ohp ^ka Drqrob
Uloh

3,/ Alk`irafkd Pbj^ohp

Reb dl^i lc qe fp afppboq^qflk t^p ql absbilm ^ kbt qb`ekfnrb ql `e^o^`qbofwb qeb fkqofkpf`

fkqboc^`f^i pqobkdqe lc qefk cfijp rkabo j fuba+jlab `lkafqflkp rpfkd i^pbo+dbkbo^qba pqobpp

t^sbp,

Gk qeb qeblobqf`^i ^k^ivpfp* qe b t^sb+dbkbo^qflk jb`e^kfpj cliiltfkd _lqe ^ abiq^ mripb

^ka E^rppf^k i^pbo mripb t^p ^k^ivwba, Reb mi^kb t^sb obdfjb t^p abqboj fkba clo ^ cfkfqb

W?E _b^j pfwb t fqe ^ qbjmlo^i E^rppf^k afpqof_rqflk, Dlo ^ crpba pfif`^ pr_pqo^qb* tef`e

e^p kbd^qfsb klkifkb^o bi^pqf`fqv* qeb jb`e^kfpj clo pel`h absbilmjbkq ^ka pr_pbnrbkq

^qqbkr^qflk tbob qelolrdeiv pqrafba, Reb qeblobqf`^i ^k^ivpfp molsfaba jb^kfkdcri fkpfdeqp

fkql qeb k^qrob lc qeb t^sb dbkbo^qflk ^ka molm^d^qflk fk qeb i^pbo pm^ii^qflk bumbofjbkqp,

Reb bumbofjbkq^i m^o^jbqof` pqrav lk qeb qbkpfib i^pbo pm^ii^qflk t^p bppbkqf^i clo qeb

pr``bppcri buqbkpflk l c qefp qb`ekfnrb ql j fuba+jlab il^afkd bumbofj bkqp, Reb pm^ii^qflk

_be^sflo lc ^irj fkrj qefk cfijp ^ka qeb `loobpmlkafkd fkqbocboljbqof` jb^probjbkqp tbob

fksbpqfd^qba ^p ^ crk`qflk lc cfij qef`hkbpp* pr_pqo^qb qef`hkbpp* `lkcfkfkd i^vbo qef`hkbpp*

i^pbo cirbk`b* ^ka s^oflrp m^o^jbqbop dlsbokfkd qeb plro`b, Rtl afccbobkq pr_pqo^qb j^qbof^ip*

pfkdib `ovpq^i pfif`lk &/..' ^ka crpba pfif`^* tbob `lkpfaboba, Dlo _lqe crpba pfif`^ ^ka pfif`lk
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Chapter 5 

Concluding Remarks and Future 
Work 

5.1 Concluding Remarks 

The goal of this dissertation was to develop a new technique to characterize the intrinsic 

interfacial strength of thin films under mixed-mode conditions using laser-generated stress 

waves. 

In the theoretical analysis, the wave-generation mechanism following both a delta pulse 

and Gaussian laser pulse was analyzed. The plane wave regime was determined for a finite 

YAG beam size with a temporal Gaussian distribution. For a fused silica substrate, which 

has negative nonlinear elasticity, the mechanism for shock development and subsequent 

attenuation were thoroughly studied. The theoretical analysis provided meaningful insights 

into the nature of the wave generation and propagation in the laser spallation experiments. 

The experimental parametric study on the tensile laser spallation was essential for the 

successful extension of this technique to mixed-mode loading experiments. The spallation 

behavior of aluminum thin films and the corresponding interferometric measurements were 

investigated as a function of film thickness, substrate thickness, confining layer thickness, 

laser fluence, and various parameters governing the source. Two different substrate materials, 

single crystal silicon (100) and fused silica, were considered. For both fused silica and silicon 

119 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission . 

Boeing Ex. 1038, p. 140 of 175 
Boeing v. Regents Univ. Cal 



pr_pqo^qb p^jmibp* qeb j^ufjrj pqobpp fk qeb pr_pqo^qb ^ka qeb j^ufjrj pqobpp ^q qeb

fkqboc^`b fk`ob^pba tfqe fk`ob^pfkd W?E i^pbo cirbk`b ^ka fk`ob^pfkd `lkcfkfkd i^vbo qef`hkbpp,

Reb j^ufjrj fkqboc^`b pqobpp ^ipl fk`ob^pba tfqe fk`ob^pfkd cfij qef`hkbpp, Fbk`b* qef`hbo

cfijp iba ql efdebo fkqboc^`b pqobpp ^ka c^fiba jlob b^pfiv, Dlo _lqe qvmbp lc p^jmib* qeb

j^ufjrj pr_pqo^qb pqobpp ^ka j^ufjrj fkqboc^`b pqobpp ab`ob^pba tfqe fk`ob^pfkd pr_pqo^qb

qef`hkbpp arb ql dbljbqof` ^qqbkr^qflk `^rpba _v qeb cfkfqb pfwb lc qeb W?E _b^j, Gk qeb

`^pb lc qeb crpba pfif`^ pr_pqo^qb* qebob t^p ^ipl ^qqbkr^qflk arb ql qeb pel`h bslirqflk, ?

qef`hbo `lkcfkfkd i^vbo ebimba ql dbkbo^qb ^ efdebo `ljmobppfsb pqobpp fk qeb pr_pqo^qb ^ka

dob^qbo a^j^db lk qeb qbpq cfij, Qbsbo^i c^`qlop* fk`irafkd W?E pmlq pfwb* cfij qef`hkbpp*

pr_pqo^qb qef`hkbpp* ^ka `lkcfkfkd i^vbo qef`hkbpp* kbbaba ql _b `lloafk^qba ql l_q^fk cfij

c^firob,

M_pbos^qflkp lc a^j^db obsb^iba _lqe pr_pqo^qb ^ka cfij c^firob fk pfif`lk pr_pqo^qb p^j +

mibp _rq lkiv cfij c^firob fk crpba pfif`^ pr_pqo^qb p^jmibp, Gkqbocboljbqof` jb^probjbkqp

`lkcfojba qeb afccbobk`b fk pqobpp absbilmjbkq clo qeb qtl hfkap lc p^jmib, Gk crpba+pfif`^+

pr_pqo^qbp* qe b `ljmobppfsb mripb bslisba fkql ^ ab`ljmobppflk pel`h, Reb bufpqbk`b lc ^

pel`h `ob^qba ^ i^odb pqobpp ^q qeb cfij fkqboc^`b* moljlqfkd c^firob, Reb absbilmjbkq lc qeb

pel`h t^p arb ql qeb klkifkb^o bi^pqf` molmboqfbp lc crpba pfif`^, Refp pel`h jb`e^kfpj t^p

^as^kq^dblrp clo c^fifkd qefk+cfij fkqboc^`bp lk qef`h pr_pqo^qbp, Reb bumbofjbkq^i m^o^jbq+

of` pqrav obsb^iba fjmloq^kq abpfdk s^of^_ibp clo fjmolsfkd qeb qbkpfib pm^ii^qflk qbpq ^ka

absbilmfkd qeb j fuba+jlab il^afkd bumbofjbkqp,

@^pba lk qeb obpriqp lc qeb qbkpfib m^o^jbqof` pqrav* ^ kbt qb`ekfnrb clo j fuba+jlab

il^afkd lc qefk+cfij fkqboc^`bp t^p pr``bppcriiv absbilmba, Reb mi^k^o dbljbqov lc qeb qbk +

pfib pmb`fjbk t^p jlafcfba ql ^ qof^kdri^o mofpj pl qe^q ^ efde+pqo^fk+o^qb peb^o t^sb t^p

dbkbo^qba &_v jlab `lksbopflk ^q ^k l_ifnrb proc^`b' ^ka qebk ^iiltba ql fjmfkdb lk qeb

qbpq cfij, @v ^iilt fkd qeb fkfqf^i ilkdfqrafk^i t^sb ql jlab+`lksboq ql ^ peb^o t^sb ^ka ^

pb`lka^ov ilkdfqrafk^i t^sb ^q ^k l_ifnrb proc^`b* j fuba+jlab il^afkd lc qefk cfij fkqboc^`bp

t^p ob^ifwba, ?cqbo lmqfj fwfkd qeb qef`hkbpp l c qeb t^qbodi^pp `lkcfkfkd i^vbo* ^ peb^o t^sb

/0.
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substrate samples, the maximum stress in the substrate and the maximum stress at the 

interface increased with increasing YAG laser fluence and increasing confining layer thickness. 

The maximum interface stress also increased with increasing film thickness. Hence, thicker 

films led to higher interface stress and failed more easily. For both types of sample, the 

maximum substrate stress and maximum interface stress decreased with increasing substrate 

thickness due to geometric attenuation caused by the finite size of the YAG beam. In the 

case of the fused silica substrate, there was also attenuation due to the shock evolution. A 

thicker confining layer helped to generate a higher compressive stress in the substrate and 

greater damage on the test film. Several factors, including YAG spot size, film thickness, 

substrate thickness, and confining layer thickness, needed to be coordinated to obtain film 

failure. 

Observations of damage revealed both substrate and film failure in silicon substrate sam­

ples but only film failure in fused silica substrate samples. Interferometric measurements 

confirmed the difference in stress development for the two kinds of sample. In fused-silica­

substrates, the compressive pulse evolved into a decompression shock. The existence of a 

shock created a large stress at the film interface, promoting failure. The development of the 

shock was due to the nonlinear elastic properties of fused silica. This shock mechanism was 

advantageous for failing thin-film interfaces on thick substrates. The experimental paramet­

ric study revealed important design variables for improving the tensile spallation test and 

developing the mixed-mode loading experiments. 

Based on the results of the tensile parametric study, a new technique for mixed-mode 

loading of thin-film interfaces was successfully developed. The planar geometry of the ten­

sile specimen was modified to a triangular prism so that a high-strain-rate shear wave was 

generated (by mode conversion at an oblique surface) and then allowed to impinge on the 

test film. By allowing the initial longitudinal wave to mode-convert to a shear wave and a 

secondary longitudinal wave at an oblique surface, mixed-mode loading of thin film interfaces 

was realized. After optimizing the thickness of the waterglass confining layer, a shear wave 
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tfqe i^odb bklrde pqobpp ql c^fi ^k ^irjfkrj cfij - crpba pfif`^ fkqboc^`b t^p l_q^fkba, Reb

obpriqfkd peb^o pqobpp t^p `^i`ri^qba colj efde+pmbba fkqbocboljbqof` afpmi^`bjbkq jb^prob+

jbkqp, Reb fkqbocboljbqof` cofkdb a^q^ obsb^iba qeb absbilmjbkq lc ^ pel`h arb ql klkifkb^o

plcqbkfkd l c qeb crpba pfif`^ pr_pqo^qb, ?cqbo jlab `lksboqfkd ^q qeb l_ifnrb proc^`b* qeb pqobpp

t^sb obq^fkba cb^qrobp lc qeb pel`h* pfjfi^o ql qelpb l_pbosba fk mobsflrp qbkpfib bumbofjbkqp,

Or^kqfq^qfsb a^q^ obsb^iba qe^q qeb j fuba+jlab fkqboc^`f^i pqobkdqe t^p i^odbo qe^k qbkpfib

s^irbp clo qe b p^jb fkqboc^`b,

Reb c^firob m^qqbokp l_pbosba rkabo j fuba+jlab il^afkd &jlpqiv peb^o jlab' ^ob afc+

cbobkq colj qelpb l_pbosba fk qeb qbkpfib pm^ii^qflk bumbofjbkq, Qfdkfcf`^kq tofkhifkd ^ka

qb^ofkd l``rop fk qeb cfijp arb ql qeb peb^o il^afkd, Rebpb obpriqp fkaf`^qb qe^q jlab abmbk+

abk`b lc fkqboc^`f^i qlrdekbpp mi^vp ^ `ofqf`^i olib fk abqboj fkfkd qeb pbnrbk`b lc bsbkqp

ib^afkd ql cfij c^firob, Reb rpb lc i^pbo+dbkbo^qba peb^o t^sbp molsfabp ^ kbt qlli ql bumilob

^ o^kdb lc qefk+cfij fkqboc^`f^i c^firob jlabp ^p tbii ^p qeb olib lc pr`e buqofkpf` bccb`qp ^p

obpfar^i pqobpp* proc^`b olrdekbpp* ^ka fjmbocb`qflkp,

3,0 Drqrob Uloh

?k^ivpfp lc qeb bumbofjbkq^i a^q^ fk qefp afppboq^qflk abmbkap lk ^``ro^qb fkqbomobq^qflk lc

qeb fkqbocboljbqof` a^q^, Dlo ^ pq^ka^oa Kf`ebiplk fkqbcboljbqbo* b^`e cofkdb `loobpmlkap

ql ^ `e^kdb fk kloj^i afpmi^`bjbkq dfsbk _v Cn, &1,1', Fltbsbo* pmb`f^i `^ob jrpq _b

q^hbk ql ^``lrkq clo qeb praabk qrokfkd fk qeb cofkdb a^q^, Reb qrokfkd mlfkq l``rop tebk

qeb ^``bibo^qflk `e^kdbp pfdk* fkaf`^qba _v qeb ^_ormq qboj fk^qflk lc lkb cofkdb ^ka qeb

_bdfkkfkd l c ^ kbt lkb, Reb qrokfkd mlfkq _b`ljbp afccf`riq ql abqb`q* eltbsbo* ^q ^ qeb

cofkdb ifj fq* f,b,* qeb mb^h lo s^iibv lc ^ cofkdb, Qljb jlafcf`^qflkp `lria _b j^ab ql fjmolsb

qeb ^``ro^`v lc qeb `roobkq fkqbocboljbqof` pbq+rm, Or^ao^qrob `lafkd fp lcqbk bjmilvba

fk pel`h+t^sb bumbofjbkqp ql bifj fk^qb ^kv ^j_fdrfqv fk qeb pfdk lc qeb ^``bibo^qflk Y47*

5.[, @ v ^aafkd ^ nr^oqbo+t^sb obq^oa^qflk mi^qb ^ka qtl mli^ofwfkd _b^j pmifqqbop* qtl

/0/
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with large enough stress to fail an aluminum film/fused silica interface was obtained. The 

resulting shear stress was calculated from high-speed interferometric displacement measure­

ments. The interferometric fringe data revealed the development of a shock due to nonlinear 

softening of the fused silica substrate. After mode converting at the oblique surface, the stress 

wave retained features of the shock, similar to those observed in previous tensile experiments. 

Quantitative data revealed that the mixed-mode interfacial strength was larger than tensile 

values for the same interface. 

The failure patterns observed under mixed-mode loading (mostly shear mode) are dif­

ferent from those observed in the tensile spallation experiment. Significant wrinkling and 

tearing occurs in the films due to the shear loading. These results indicate that mode depen­

dence of interfacial toughness plays a critical role in determining the sequence of events 

leading to film failure. The use of laser-generated shear waves provides a new tool to explore 

a range of thin-film interfacial failure modes as well as the role of such extrinsic effects as 

residual stress, surface roughness, and imperfections. 

5.2 Future Work 

Analysis of the experimental data in this dissertation depends on accurate interpretation of 

the interferometric data. For a standard Michelson inteferometer, each fringe corresponds 

to a change in normal displacement given by Eq. (3.3). However, special care must be 

taken to account. for the sudden turning in the fringe data. The turning point occurs when 

the acceleration changes sign, indicated by the abrupt termination of one fringe and the 

beginning of a new one. The turning point becomes difficult to detect, however, at a the 

fringe limit, i.e., the peak or valley of a fringe. Some modifications could be made to improve 

the accuracy of the current interferometric set-up. Quadrature coding is often employed 

in shock-wave experiments to eliminate any ambiguity in the sign of the acceleration [69, 

70]. By adding a quarter-wave retardation plate and two polarizing beam splitters, two 
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nr^ao^qrob lmqf`^i pfdk^ip `^k _b l_q^fkba colj qeb elofwlkq^iiv ^ka sboqf`^iiv mli^ofwba

`ljmlkbkqp l c ifdeq qe^q afccbo fk me^pb _b`^rpb lc qeb obq^oa^qflk mi^qb, Qfjriq^kblrp fk+

mi^kb proc^`b afpmi^`bjbkq jb^probjbkq `lria ^ipl fjmolsb qeb ^``ro^`v, Fltbsbo* jlpq

lmqf`^i qb`ekfnrbp clo jb^profkd fk+mi^kb afpmi^`bjbkq obnrfob qeb ^mmif`^qflk lc ^ afcco^`qflk

do^qfkd ql qeb p^jmib proc^`b, Qr`e do^qfkdp tlria ^iqbo qeb c^firob _be^sflo lc qeb cfijp,

Rb`ekfnrbp qe^q al klq obnrfob ^ do^qfkd* pr`e ^p `lkcl`^i D^_ov+Nbolq fkqbocboljbqov Y5/[

lo ebqbolavkb pmb`hib fkqbocboljbqov Y50[ j^v molsb rpbcri,

Reb Kf`ebiplk fkqbocboljbqbo rpba fk qefp afppboq^qflk fp bppbkqf^iiv ^ afpmi^`bjbkq fkqbo+

cboljbqbo* tebob qeb afpmi^`bjbkq fp molmloqflk^i ql qeb cofkdb `lrkq lc qeb fkqbocboljbqof`

pfdk^i, Gk loabo ql l_q^fk qeb pqobpp fk qeb pr_pqo^qb ^ka ^q qeb qefk cfij fkqboc^`b* qeb

afpm i^`bj bkq+qfj b molcfib e^p ql _b afccbobkqf^qba &cfopq abofs^qfsb clo pr_pqo^qb pqobpp ^ka

pb`lka abofs^qfsb clo fkqboc^`b pqobpp', ?p ^ obpriq* efdebo klfpb fp fkar`ba ^p jlob abofs^qfsbp

^ob q^hbk, ? kloj^i+sbil`fqv fkqbocboljbqbo &LTG' ^p absbilmba _v @^ohbo ^ka Fliibk_^`e

Y51[ `lria _b ^almqba* fk tef`e qeb proc^`b sbil`fqv fkpqb^a lc afpmi^`bjbkq fp molmloqflk^i

ql qeb cofkdb `lrkq lc qeb pfdk^i, Gk qeb sbil`fqv fkqbocboljbqbo* kloj^iiv obcib`qba i^pbo ifdeq

colj qeb p^jmib proc^`b fp `liib`qba ^ka pmifq fkql qtl pbm^o^qb _b^jp* tef`e ^ob pr_pbnrbkqiv

ob`lj_fkba ^cqbo qo^sbifkd qeolrde afccbobkq m^qe ibkdqep, Reb fkqbocboljbqbo pbkpfqfs fqv fp

^ crk`qflk lc qeb abi^v qfj b _bqtbbk qeb qtl fkqbocbofkd _b^jp* ^ka qeb obpriqfkd cofkdb

pfkd^i fp obi^qba afob`qiv ql `e^kdbp fk kloj^i sbil`fqv, Gk qefp qb`ekfnrb* kl afccbobkqf^qflk

fp kbbaba clo qeb pr_pqo^qb pqobpp ^ka lkiv lkb afccbobkqf^qflk fp kbbaba clo qeb fkqboc^`b

pqobpp, Reb obplirqflk lc qeb pqobpp a^q^ `lria _b fk`ob^pba, Reb LTG qb`ekfnrb* eltbsbo*

fp ifj fqba fk qeb ilt+sbil`fqv o^kdb &.,/+.,03 j j ---j '* tef`e fp ^ qvmf`^i o^kdb clo qeb `ro+

obkq bumbofj bkq, Tbil`fqv fk qe fp o^kdb ib^ap ql abi^v qfj bp fk qeb kbfde_loella lc 3 kp lo

jlob fk loabo ql l_q^fk qeobb lo clro cofkdbp, Refp fk qrok ib^ap ql pfdkfcf`^kq ^sbo^dfkd lc

qeb sbil`fqv jb^probjbkqp Y5.[, Rerp fk loabo ql rpb ^k LTG* efdebo W?E i^pbo mltbo ^ka

qef`hbo `lkcfkfkd i^vbop ^ob kb`bpp^ov ql dbkbo^qb sbil`fqfbp efdebo qe^k .,/+.,03

Gk qeb j fuba+jlab il^afkd bumbofjbkq* ^ifdkjbkq lc qeb ^odlk abqb`qflk _b^j ^ka W?E

/00

P bm olar `ba tfqe m boj fppflk l c qe b `lmvofde q lt kbo, Droqebo obmolar`qflk molef_fqba t fqelrq m boj fppflk ,

Boeing Ex. 1035, p. 143 of 175 
Boeing v. Regents Univ. Cal.

quadrature optical signals can be obtained from the horizontally and vertically polarized 

components of light that differ in phase because of the retardation plate. Simultaneous in­

plane surface displacement measurement could also improve the accuracy. However, most 

optical techniques for measuring in-plane displacement require the application of a diffraction 

grating to the sample surface. Such gratings would alter the failure behavior of the films. 

Techniques that do not require a grating, such as confocal Fabry-Perot interferometry [71) 

or heterodyne speckle interferometry [72) may prove useful. 

The Michelson interferometer used in this dissertation is essentially a displacement inter­

ferometer, where the displacement is proportional to the fringe count of the interferometric 

signal. In order to obtain the stress in the substrate and at the thin film interface, the 

displacement-time profile has to be differentiated (first derivative for substrate stress and 

second derivative for interface stress). As a result, higher noise is induced as more derivatives 

are taken. A normal-velocity interferometer (NVI) as developed by Barker and Hollenbach 

[73] could be adopted, in which the surface velocity instead of displacement is proportional 

to the fringe count of the signal. In the velocity interferometer, normally reflected laser light 

from the sample surface is collected and split into two separate beams, which are subsequently 

recombined after traveling through different path lengths. The interferometer sensitivity is 

a function of the delay time between the two interfering beams, and the resulting fringe 

singal is related directly to changes in normal velocity. In this technique, no differentiation 

is needed for the substrate stress and only one differentiation is needed for the interface 

stress. The resolution of the stress data could be increased. The NVI technique, however, 

is limited in the low-velocity range (0.1-0.25 mm/ µm), which is a typical range for the cur­

rent experiment. Velocity in this range leads to delay times in the neighborhood of 5 ns or 

more in order to obtain three or four fringes. This in turn leads to significant averaging of 

the velocity measurements [70]. Thus in order to use an NVI, higher YAG laser power and 

thicker confining layers are necessary to generate velocities higher than 0.l·-0.25 mm/ µ,m. 

In the mixed-mode loading experiment, alignment of the argon detection beam and YAG 
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i^pbo _b^j fp `ofqf`^i ql dr^o^kqbb qe^q qeb pfdk^i fp abqb`qba ofdeq ^q qeb `bkqbo lc qeb

j fuba+jlab il^afkd mlfkq &mlfkq @ fk Dfd, 2 ,/ '* tebob qeb pqolkdbpq pfdk^i fp bumb`qba, ?kv

j fp^ifdkjbkq arb ql qfiqfkd lc qeb p^jmib j^hbp qeb ^odlk _b^j absf^qb colj mlfkq @ ^ka

obpriqp fk ^ obar`ba pfdk^i, Gk qeb `roobkq bumbofjbkqp* qeb _b^jp ^ob ^ifdkba lkiv fk qeb

`bkqbo tfkalt lc b^`e mofpj p^jmib, ?kv qfiqfkd lo pefcqfkd lc qe b p^jmib fk qeb sboqf`^i

mi^kb `lria fkar`b ^ifdkjbkq boolo* bpmb`f^iiv ^q mlpfqflkp c^o colj qeb `bkqbo tfkalt, ?

mlppf_ib plirqflk fp ql ib^sb ^k ^ifdkjbkq tfkalt _bqtbbk bsbov qtl qbpq pmlqp, ?iqbok^qfsbiv*

^ifdkjbkq `lria _b mboclojba ^q b^`e qbpq pmlq* abmlpfqfkd ^irjfkrj cfij lkiv ^olrka mlfkq

@ * ib^sfkd mlfkq ? ^s^fi^_ib clo ^ifdkjbkq, Gk _lqe `^pbp* ^ i^odbo mofpj &^ipl efdebo mltbo

W?E' fp abpfo^_ib ql dr^o^kqbb bklrde tlohfkd pm^`b lk qeb qbpq+cfij pfab lc qeb mofpj,

Reb j fuba+jlab il^afkd qb`ekfnrb absbilmba fk qefp afppboq^qflk `^k _b rpba ql fksbpqf+

d^qb qeb fkqboc^`f^i pqobkdqe clo ^ o^kdb lc jlab j fufqv, Klab abmbkabk`b lc qeb fkqboc^`b

qlrdekbpp mi^vp ^ `ofqf`^i olib fk abqboj fkfkd qeb pbnrbk`b lc bsbkqp fk qeb molm^d^qflk lc ^

abi^j fk^qflk Y52[, @ v ^ pvpqbj ^qf`^i `e^kdfkd lc qeb fk`fabkq ^kdib 1 W fk Dfd, 2,/* tef`e tfii

^ipl pr_pbnrbkqiv `e^kdb qeb jlab `lksbopflk lc qeb fk`fabkq ilkdfqrafk^i t^sb ql ^ peb^o

t^sb &Dfd, 2 ,0 '* qeb fkqboc^`f^i pqobkdqe `lria _b jb^proba clo ^ crii o^kdb l c jfuba+jlab

il^afkd `lkafqflkp colj mrobiv qbkpfib ql mrobiv peb^o, Reb obpriqp j^v molsfab pfdkfcf`^kq

fkpfdeqp fkql qefk+cfij c^firob jb`e^kfpjp,

Gk qeb i^pbo+pm^ii^qflk bumbofj bkqp* qeb fkqboc^`f^i ^aebpflk pqobkdqe fp `e^o^`qbofwba fk

qboj p l c pqobpp, Gk j^kv lqebo ^aebpflk jb^probjbkq qb`ekfnrbp* pr`e ^p qeb p`o^q`e Y6[*

_ifpqbo Y/7[ ^ka fkabkq^qflk qbpqp Y0/* 00[* qeb ^aebpflk fp jb^proba fk qbojp lc bkbodv,

Gk loabo ql obi^qb qe b jb^probjbkqp colj i^pbo+pm^ii^qflk qb`ekfnrb ql qe^q l_q^fkba colj

lqebo qb`ekfnrbp* crqrob tloh `^k _b `^oofba lrq ql `^i`ri^qb qeb bkbodv ^ppl`f^qba tfqe

i^pbo pm^ii^qflk, Mkb pr`e m^o^jbqbo fp qeb hfkbqf` bkbodv pqloba fk qeb qefk cfij * tef`e `^k

_b afob`qiv `^i`ri^qba colj qeb jb^proba proc^`b sbil`fqv lc qeb cfij * qeb cfij abkpfqv* ^ka

qef`hkbpp, Qfk`b qe fp bkbodv `lkq^fkp ^ii qeb bkbodv ^s^fi^_ib fk qeb cfij * fq `^k pbosb ^p ^k

rmmbo _lrka clo qeb co^`qrob bkbodv fk qeb i^pbo+pm^ii^qflk qb`ekfnrb,
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laser beam is critical to guarantee that the signal is detected right at the center of the 

mixed-mode loading point (point Bin Fig. 4.1), where the strongest signal is expected. Any 

misalignment due to tilting of the sample makes the argon beam deviate from point B and 

results in a reduced signal. In the current experiments, the beams are aligned only in the 

center window of each prism sample. Any tilting or shifting of the sample in the vertical 

plane could induce alignment error, especially at positions far from the center window. A 

possible solution is to leave an alignment window between every two test spots. Alternatively, 

alignment could be performed at each test spot, depositing aluminum film only around point 

B, leaving point A available for alignment. In both cases, a larger prism (also higher power 

YAG) is desirable to guarantee enough working space on the test-film side of the prism. 

The mixed-mode loading technique developed in this dissertation can be used to investi­

gate the interfacial strength for a range of mode mixity. Mode dependence of the interface 

toughness plays a critical role in determining the sequence of events in the propagation of a 

delamination [74]. By a systematical changing of the incident angle 01 in Fig. 4.1, which will 

also subsequently change the mode conversion of the incident longitudinal wave to a shear 

wave (Fig. 4.2), the interfacial strength could be measured for a full range of mixed-mode 

loading conditions from purely tensile to purely shear. The results may provide significant 

insights into thin-film failure mechanisms. 

In the laser-spallation experiments, the interfacial adhesion strength is characterized in 

terms of stress. In many other adhesion measurement techniques, such as the scratch [8], 

blister [19] and indentation tests [21, 22], the adhesion is measured in terms of energy. 

In order to relate the measurements from laser-spallation technique to that obtained from 

other techniques, future work can be carried out to calculate the energy associated with 

laser spallation. One such parameter is the kinetic energy stored in the thin film, which can 

be directly calculated from the measured surface velocity of the film, the film density, and 

thickness. Since this energy contains all the energy available in the film, it can serve as an 

upper bound for the fracture energy in the laser-spallation technique. 
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Qr`e buqofkpf` bccb`qp ^p cof`qflk* pr_pqo^qb olrdekbpp* ^ka fjmbocb`qflkp ^ipl j^v mi^v ^

pfdkfcf`^kq olib fk qefk+cfij c^firob jlabp ^ka `lkqof_rqb ql qeb ^mm^obkq fkqboc^`b qlrdekbpp,

Pb`bkqiv* @^ifkq ^ka Frq`efkplk Y52[ ^k^ivwba qeb bccb`q lc proc^`b olrdekbpp lk pqb^av+pq^qb

jlab GG badb abi^j fk^qflk lc `ljmobppba qefk cfijp, Rebfo obpriqp peltba qe^q k^kl+p`^ib

proc^`b olrdekbpp qldbqebo t fqe qeb ^ppl`f^qba cof`qflk ^q qeb fkqboc^`b qbkap ql fk`ob^pb qeb

bccb`qfsb jlab GG qlrdekbpp l c qe fk cfijp t fqe qef`hkbpp fk qeb jf`olk o^kdb, ?iqelrde qeb

cfij c^firob jb`e^kfpj fk qe fp afppboq^qflk fp afccbobkq colj qe^q `lkpfaboba _v @^ifkq ^ka

Frq`efkplk jlabi* fq fp mlppf_ ib ql bumilob qeb fkcirbk`b lc proc^`b olrdekbpp lk cfij c^firob

jlab ^ka qeb `loobpmlkafkd fkqboc^`f^i pqobkdqe rpfkd qeb `roobkqiv absbilmba j fuba+jlab

il^afkd bumbofjbkqp, Reb `roobkq qb`ekfnrb j^v ^ipl _b rpba ql fksbpqfd^qb co^`qrob fk qeb

mobpbk`b lc `lkqoliiba ci^tp ^q qeb qefk+cfij fkqboc^`b lo lk qe b qbpq cfij, Dlo bu^jmib* ^

`fo`ri^o ci^t j^v _b fkqolar`ba fk qeb mol`bpp lc cfij abmlpfqflk, @v mob`fpbiv `lkqoliifkd

qeb fk`fabkq mlpfqflk lc qeb pqobpp t^sbp* qe b c^firob j^v fk fqf^ qb ^ka absbilm ^ilkd qe b ci^t

badb,

Gk qeb `roobkq obpb^o`e* qe b fkqofkpf` fkqboc^`f^i pqobkdqe clo ^irj fkrj -crpba+pfif`^ pr_+

pqo^qb fp abqboj fkba clo _lqe qbkpfib ^ka j fuba+jlab il^afkd `^pbp, Drpba pfif`^ fp clrka

ql _b ^k fab^i pr_pqo^qb j ^qbof^ i clo i^rk`efkd efde+^jmifqrab pel`h t^sbp &fqp kbd^qfsb

klkifkb^o bi^pqf` fqv _bfkd `ofqf`^i clo qeb absbilmjbkq lc ^ ab`ljmobppflk pel`h', @v fkpboq+

fkd ^k buqo^ i^vbo lc qeb abpfoba pr_pqo^qb j^qbof^i _bqtbbk qeb crpba pfif`^ ^ka qeb qefk

cfij* qeb `roobkq qb`ekfnrb `^k _b rpba ql qbpq ^ s^ofbqv lc pr_pqo^qbp ^ka cfijp* bpmb`f^iiv

qelpb lc fkqbobpq ql qeb j f`olbib`qolkf`p fkarpqov* pr`e ^p mlivfj fab* `lmmbo &Ar'* ^irjfkrj

&^irjfkrj' ^ka mlivpfif`lk lk pfkdib+`ovpq^i pfif`lk pr_pqo^qbp,
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Such extrinsic effects as friction, substrate roughness, and imperfections also may play a 

significant role in thin-film failure modes and contribute to the apparent interface toughness. 

Recently, Balint and Hutchinson [74] analyzed the effect of surface roughness on steady-state 

mode II edge delamination of compressed thin films. Their results showed that nano-scale 

surface roughness together with the associated friction at the interface tends to increase the 

effective mode II toughness of thin films with thickness in the micron range. Although the 

film failure mechanism in this dissertation is different from that considered by Balint and 

Hutchinson model, it is possible to explore the influence of surface roughness on film failure 

mode and the corresponding interfacial strength using the currently developed mixed-mode 

loading experiments. The current technique may also be used to investigate fracture in the 

presence of controlled flaws at the thin-film interface or on the test film. For example, a 

circular flaw may be introduced in the process of film deposition. By precisely controlling 

the incident position of the stress waves, the failure may initiate and develop along the fl.aw 

edge. 

In the current research, the intrinsic interfacial strength for aluminum/fused-silica sub­

strate is determined for both tensile and mixed-mode loading cases. Fused silica is found 

to be an ideal substrate material for launching high-amplitude shock waves (its negative 

nonlinear elasticity being critical for the development of a decompression shock). By insert­

ing an extra layer of the desired substrate material between the fused silica and the thin 

film, the current technique can be used to test a variety of substrates and films, especially 

those of interest to the microelectronics industry, such as polyimide, copper (Cu), aluminum 

(aluminum) and polysilicon on single-crystal silicon substrates. 
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?mmbkafu ?

?k^ivqf`^i Qlirqflk l c qe b
Rebojl+bi^pqf` Qqobpp Nr ipb

Reb plirqflk lc qeb eb^q qo^kpcbo mol_ibj abp`of_ba _v bnr^qflk &0,/' tfqe _lrka^ov `lkaf+

qflkp &0,3'^ka &0,4' fp l_q^fkba _v J^mi^`b qo^kpcloj^qflk, Reb qo^kpcloj^qflk lc bnr^qflk

&0,/' vfbiap ^ m^oqf^i afccbobkqf^i bnr^qflk fk qe b J^mi^`b alj^fk

P u r ) m & : } Pc) &? ,i'

tfqe _lrka^ov `lkafqflkp

c å/&. *p ' ; c 0&. Hp'

efPc;r Wr:M* \0R0%̂ 9ŷ 9;l) ; \
&? ,0'

^ka

R f & u * p ' + < . [m r };àll

o 0&u* p' à\. [m r +<Ä ) ll
&? ,1'
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Appendix A 

Analytical Solution of the 
Thermo-elastic Stress Pulse 

The solution of the heat transfer problem described by equation (2.1) with boundary condi­

tions (2.5)and (2.6) is obtained by Laplace transformation. The transformation of equation 

(2.1) yields a partial differential equation in the Laplace domain 

(A.l) 

with boundary conditions 

{ T,(O,s) = T,(O,s) 
(A.2) 

and 

{ 

~ 1 ( x, s) -+ 0 as 

T2(x,s)-+ 0 as 

X-+ -00 
(A.3) 

X-+ +oo 
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Reb plirqflk ql qeb ^_lsb pvpqbj lc bnr^qflkp fp

P f % r ) m ' ;

Reb plirqflk ql qeb fkfqf^i eb^q qo^kpcbo mol_ibj fp qebk clrka _v fksbopb J^mi^`b qo^kpclo+

j^qflk,

Reb plirqflk lc qeb bi^pqf` t^sb molm^d^qflk mol_ibj dfsbk _v Cnp, &0,//'^ka &0,/0'

bkq^fip rpb lc ^ E o b bk åp crk`qflk tebk r fp i^odb ^ka mlpfqfsb, Reb qeboj^i plro`b `^k _b

il`^qba fk j^qbof^i / lo 0,

Dlo qeb `^pb tebob qeb qeboj^i plro`b fp fk j^qbof^i 0* qeb N ,B ,C ql plisb clo qeb Eobbkåp

crk`qflk fp dfsbk _v

M^0p * U;I- +
_ Qa i Qd

; &? ) 0 * 3 %r * r m ) n * n m& tebob r m ; .
&? ,2'

tebob

p % r ) n & : $* ( &1? ) 0 gr '^ d

] u r ) n & ; a[ ' % 1? ) 0 -w ' ^ d
&?,3'

Cnr^qflk &? ,2' fp bnrfs^ibkq ql

+ +z-cf * z- x
B" Qa i Qd

Gc ; )
&? ,4'
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The solution to the above system of equations is 

The solution to the initial heat transfer problem is then found by inverse Laplace transfor­

mation. 

The solution of the elastic wave propagation problem given by Eqs. (2.ll)and (2.12) 

entails use of a Green 's function when x is large and positive. The thermal source can be 

located in material 1 or 2. 

For the case where the thermal source is in material 2, the P.D.E to solve for the Green's 

function is given by 

where 

= !!.sE. 
8:r: 

{ 

v(x, t) -

u(x, t) = 

Equation (A.4) is equivalent to 

where Xs > 0 

9v * (3.X + 2µ)a:; 

9a * (3.X + 2µ)a:; 

{ 

£H..!!. Pi at = ~ 8:z: 

-
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tfqe _lrka^ov `lkafqflkp

6pWr:-w à

[ 4>&>! &6R$r:T.

6[ yu;.+ ;

h 6 [ Wr:rF

6p/,;+)

'"+$! + w ;:  

6[yu;.)

6[if;o)

&?,5'

Spfkd J^mi^`b qo^kpcloj^qflk* bnr^qflkp &?,4' ^ka &?,5' _b`ljb

Lc#6[

O6[

â[
r̂

&? ) 0K',+Qc`r̂
&?,6'

tfqe _lrka^ov `lkafqflkp

6pyÅ;l{ à

(+`3 ;
6[Wr:-w :

6p/05;.)

/ _ w mQ&?)0-('0

6[ yu;.)

6iWr:rF 6[/15;5/9)

&?,7'

Reb plirqflk fk qeb J^mi^`b alj^fk fp

apur) m & & 0-301

6 [ % r ) m & : 0 `0

) ,Lf?c*j-?- ) c(+'
B,8,&B-8-

d+p&:g)}9\ f ' * jc]c *L-?- )
B,8,&B-8-

&? ,/.'

@v fksbopb J^mi^`b qo^kpcloj^qflk* qeb Eobbkåp crk`qflk tebk 8̂ < r m < . fp l_q^fkba ^p

3
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with boundary conditions 

9vlx=O- - 9vlx=O+ 

l
x=xl 

9v x=x;- - (.\+1µ)2 c5(t - ts) 

911 lx=O- - 911lx=O+ 

911\x=x;- - 911\x=xi 

Using Laplace transformation, equations (A.6) and (A.7) become 

with boundary conditions 

9vlx=O-

- 1x=xi 
9v x=x; 

911lx=O-

911lx=x;-

The solution in the Laplace domain is 

( 

9v(x, s) 

911(x,s) 

- 9vlx=O+ 

1 e-sts - (.\+2µ)2 

- 911lx=O+ 

- 911lx=xt 

(A.7) 

(A.8) 

(A.9) 

(A.10) 

By inverse Laplace transformation, the Green's function when x > Xs > 0 is obtained as 
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tef`e fp ^ prj lc ^ afob`q mripb ^ka ^ obcib`qflk lcc qeb fkqboc^`b,

Dlo qeb `^pb tebk qeb qeboj^i plro`b fp il`^qba fk j^qbof^i /* plirqflk cliiltp ^p ^_lsb,

Reb Eobbkåp crk`qflk tebk r | . ^ka r [ : . fp dfsbk _v

ap% r ) r Å n * n ) & ; + f * + f ) p , ' \

4 i % r ) r . ) n * n 0& ; àA/&N/\ )UA0'\&\ + Q } \ 2+ c c '

tef`e `lkpfpqp lc ^ pfkdib mripb qe^q e^p _bbk qo^kpjfqqba qeolrde qeb fkqboc^`b, Qlirqflk ql

qeb lkb+afjbkpflk^i t^sb bnr^qflk &0,//' ^ka &0,/0' fp qebk l_q^fkba rpfkd

^ & u * q ' ; ` V a[ % r ) r m & n + n m& ( &1? ) / h & [ * Y Y ^r[^nm+ &? ,/0'
>(d >\ F5(N

tef`e vfbiap bnr^qflk &0,/3',

Rl cfka qeb afpmi^`bjbkq cfbia* bnr^qflk &? ,/0' fp fkqbdo^qba fk m^oqp ql l_q^fk

^ S&d
[ u r ) n & : } F F %U W ( - h &[a[% r ) r mW n * c m&P % r m) n m&^rm^nm + &?,/1'

Efsbk qe^q clo r < .*

[ % r ) n & ; j-?-wQw * &?,/2'

lkb l_q^fkp

o %r ) n & : à à - - &1? ) 0,d)&ina[ % r ) r m8 n * n m& P % r m) n [&^rm^nm ) &? ,/3'
B-A- > (d >\

tef`e vfbiap bnr^qflk &0,/4',
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which is a sum of a direct pulse and a reflection off the interface. 

For the case when the thermal source is located in material 1, solution follows as above. 

The Green's function when x >> 0 and X 8 < 0 is given by 

(A.11) 

which consists of a single pulse that has been transmitted through the interface. Solution to 

the one-dimensional wave equation (2.11) and (2.12) is then obtained using 

(A.12) 

which yields equation (2.15). 

To find the displacement field, equation (A.12) is integrated in parts to obtain 

(A.13) 

Given that for x > 0, 

(A.14) 

one obtains 

(A.15) 

which yields equation (2.16). 
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?mmbka fu @

Qqobpp A^i`ri^qflk S pfkd U^sb
Ro^kpj fppflk ^ka Pbcib`qflk
Albccf`fbkqp

Qq^ka^oa t^sb qo^kpjfppflk ^ka obcib`qflk qeblov fp ^almqba Y22[ ql l_q^fk ^k bu^`q bumobp+

pflk lc qeb pqobpp fk qeb pr_pqo^qb ^ka ^q qeb fkqboc^`b fk qbojp lc qeb jb^proba proc^`b afp+

mi^`bjbkq QM+ Reb pr_pqo^qb fp `lkpfaboba ^p ^ eljldbkblrp* fplqolmf` pbjf+fkcfkfqb jbaf^

^ka qeb cfij l c qef`hkbpp b ^ka afccbobkq j^qbof^i molmboqfbp fp ql _b ^qq^`eba ql qeb proc^`b lc

qeb pbj f+fkcfkfqb jbaf^ ^p pelt fk Dfd, @ ,i , Gk qeb ^k^ivpfp* ? f*- -f *m f*A f ^ka ?- * - f- g-<-<A- ^ob

qeb H[g _ jlarif* abkpfqv ^ka afi^q^qflk^i t^sb pmbba lc qeb pr_pqo^qb ^ka cfij* obpmb`qfsbiv,

Y / ; Y /

Dfdrob @ ,i8 ? cfij l c qef`hkbpp b lk ^ pbjf+fkcfkfqb pr_pqo^qb,

?pprj fkd ^ mi^kb e^ojlkf` t^sb pqofhbp qeb fkqboc^`b colj qeb kbd^qfsb fkcfkfqv* qeb

/07
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Appendix B 

Stress Calculation Using Wave 
Transmission and Reflection 
Coefficients 

Standard wave transmission and reflection theory is adopted (44] to obtain an exact expres­

sion of the stress in the substrate and at the interface in terms of the measured surface dis­

placement u0 . The substrate is considered as a homogeneous, isotropic semi-infinite media 

and the film of thickness h and different material properties is to be attached to the surface of 

the semi-infinite media as show in Fig. B .1 . In the analysis, A1 , µ1, p1, c1 and >.2 , µ2, p2, c2 are 

the Lame moduli, density and dilatational wave speed of the substrate and film, respectively. 

Figure B.1: A film of thickness h on a semi-infinite substrate. 

Assuming a plane harmonic wave strikes the interface from the negative infinity, the 
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lkb+afjbkpflk^i bi^pqf` t^sb bnr^qflk fk _lqe jbaf^ fp

Reb pqobpp+afpmi^`bjbkq obi^qflk fp dfsbk _v

-V p ^oc
:o* ; &? ) 0\ ,

Reb klk+qofsf^i _lrka^ov `lkafqflkp clo qeb mol_ibj ^ob

Qc : o/) %Pc ; ò0 ^q r ; .*

\0 à Ymol`[]_ w \Mg %P- } - ^q T : b+

Qlirqflkp ql bnr^qflk &@ ,i ' `^k _b l_q^fkba fk qeb cloj lc

s o , : = ,_ * cY & ( = -_ * codun* Y &

y o - : = t_w roY' Y (

Reb `loobpmlkafkd pqobpp `^k _b tofqqbk fk qeb cloj*

a

:u, ; àqtmfAfY?fb{(t\) (få\à= -_wfqY w Y X r : .

ò0 ; àfr9-}<0`0Y?. b+qt\)\ à?2b]*r\ ä ([ r < .

@v ^mmivfkd qeb _lrka^ov `lkafqflkp ^q qeb fkqboc^`b ^ka cobb _lrka^ov* lkb dbqp

= W ) ? - à? . à= / ; .

j W] cu= c à?0' àm-`- &? . à?2' ; .
! #" Ö#" 0

?pb u- ) ?2b Z- ; o+

$#" #"
=!_w \- à?2b Z- ; .

N

/1.
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one-dimensional elastic wave equation in both media is 

The stress-displacement relation is given by 

The non-trivial boundary conditions for the problem are 

U2 = Usurface = Uo, U2 = 0 at X = h. 

Solutions to equation (B.l) can be obtained in the form of 

The corresponding stress can be written in the form, 

{ 

U1 = -iwp1ci[A1e-iw(t+ c~) - A2e-iw(t-c;-)} X ::; 0 

U2 = -iwp2c2[A3e-iw(t+ ~) - A4e-iw(t-~)} x > 0 

By applying the boundary conditions at the interface and free boundary, one gets 

A1 + A2 - A3 - A4 = 0 

p1c1(A1 - A2) - p2c2(A3 -A4) = 0 
•wh ·wh 

A3e-•~ + A4e•~ = iio 
•wh ·wh 

A3e -•~ - A4e•~ = 0 

130 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

(B.l) 

(B.2) 

(B.3) 

(B.4) 

(B.5) 

(B.6) 

(B.7) 

Boeing Ex. 1038, p. 151 of 175 
Boeing v. Regents Univ. Cal 



tebob QM abklqbp qeb clrofbo qo^kpcloj^qflk lc QM+

Qlisfkd clo qeb `lbccf`fbkqp dfsbp

" T

7 J
S T
`lp 'b & V<-k-) j ` e V

A0 Lf?f A0

7 -

GG <y
Q(

(:(

`lp \ + ( ^ ^ pfk \A0 BV <c A0

<G

- c U k w w c U`lp à & , pj àA0 A0

[ /T < `lp m m c pfk à0̀ 0̀

Reb ^jmifqrab lc qeb fk`fabkq pqobpp fk qeb pr_pqo^qb fp qebobclob dfsbk _v

apr_ à c9ddjW?W=/

F C ) ) ) ob +L-?- ) qb )
; } # a b $ ] V 8Y Y`l p+++++++++, pfk à [*

E A0 B,8, P/

^ka qeb ^jmifqrab l c qeb pqobpp ^`qfkd lk qeb fkqboc^`b fp dfsbk _v

0 dk } m V c ] - 8 - # 7 f } : / $

) ) qb
; HKL-?-Q+ pj à

A0
pfk à

8 ( g V V W W e B-8-FC(((((( } ,
HK

Dlo pj^ii cfij qef`hkbpp b * `lp à Ü /* pfk à Ü .* qebk2 <- Å <- 2

afkq { KF-j- bQi ; w % cq $ -L-bo-+

@v fksbopb Dlrofbo qo^kpcloj^qflk* lkb l_q^fkp

l+pr_ + - &mf`f' Qa *

^ -o +

.jq à Lfb C ] )

/1/
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where u0 denotes the fourier transformation of u0 . 

Solving for the coefficients gives 

COS wh + i p2c2 sin wh 
c2 P1c1 c2 

COS wh - i!!1El. sin wh 
c2 Pl c1 c2 

cos wh + i sin wh 
c2 c2 

cos wh - i sin wh 
c2 c2 

The amplitude of the incident stress in the substrate is therefore given by 

D"sub = iwp1c1A2 

iio(.) [ wh .p2c2. wh] = - iw Pi c1 cos - - i-- sm - , 
2 c2 P1C1 Cz 

and the amplitude of the stress acting on the interface is given by 

O'int == -iwp2c2(A3 - A4) 
wh 

== wp2c2uo sin -
C2 
sin wh 

== ( • )2 - C2 - iw p2c2uo--, 
w 

For small film thickness h, cos wh :::::: 1, sin wh :::::: 0, then 
c2 c2 

_ (. ) uo 
O'sub :::::: iw P1C12 , 

5-int :::::: w2 p2huo = -(iw)2 p2huo, 

By inverse Fourier transformation, one obtains 
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tef`e ^ob qeb p^j b ^p Cnp, &0,24' ^ka &0,25' rpba fk Qb`qflk 0,0,2 lk m^db /6, Llqb qe^q qeb

afpmi^`bjbkq ^q qeb cobb proc^`b* QM* fp qt f`b qeb afpmi^`bjbkq lc qeb t^sb fk qeb pr_pqo^qb*

r* dfsbk _v Cnp, &0,24' ^ka &0,25' ,

U fqelrq qeb ^pprjmqflk lc pj^ii cfij qef`hkbpp U' Cn, &@ ,7' ib^ap ql qeb cliiltfkd bumobp+

pflkp

; Y m f ` f -D D R & ` l p \ ' + s -̀ * iDDR &p fk\ '[z *\pr_ à

\fkq à

q b ,

A0 `0

Q- o p f k q {

&@,/3'

&@,/4'

tebob

) '))) , t -f )
GDDR &`lp à '

`0
) bVU)

GDDR &pfk à '
P -

GDDR& +
pfk c U

P -

,+
& :

G J /(/: f
. lqebotfpb

Cnr^qflkp &@ ,/3' ^ka &@,/4' vfbia qeb cfk^i bumobppflk clo pr_pqo^qb ^ka fkqboc^`b pqobpp

| fr_ ; â3\xåã|(&\oY%3&%  p ')ã3&f)5 '[ )}DY%p&ãâ 5 ')f&f)5 '[''

$#7 & } $ s & } Jb\ga ( } $ ( F+#a (,( } $ U , ' #; ), L $
<- H BJ8J J A0 A0 H

, Q B o U

; ] 2 N iAi7 f + + ' ) Üá&

;?Q- S%2
; * q n s n ^ j F b I n ( U &^n &@ ,fp '

tef`e ^ob s^ifa clo i^odb cfij qef`hkbpp,
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which are the same as Eqs. (2.46) and (2.47) used in Section 2.2.4 on page 18. Note that the 

displacement at the free surface, u0 , is twice the displacement of the wave in the substrate, 

u, given by Eqs. (2.46) and (2.47) . 

Without the assumption of small film thickness h, Eq. (B.9) leads to the following expres­

sions 

O"int 

where 

wh 
IFFT(cos-) 

C2 

IFFT(sin wh) 
C2 

sin wh 
IFFT(-c-2 ) 

ti} 

(B.15) 

(B.16) 

Equations (B.15) and (B.16) yield the final expression for substrate and interface stress 

O"int 

(B.18) 

which are valid for large film thickness. 
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?mmbka fu A

Pbpfar^i Qqobpp K b^probj bkqp

Reb qefk cfijp rpba fk qefp molgb`q tbob bfqebo s^mlo abmlpfqba rpfkd ^ qeboj^i bs^mlo^qlo

lo pmrqqboba rpfkd ^ pmrqqbofkd pvpqbj , Brofkd qeb abmlpfqflk mol`bpp* i^odb obpfar^i pqobpp

`^k _b fkar`ba, @b`^rpb qeb obpfar^i pqobpp pq^ qb `lria ^ccb`q qeb c^firob m^qqbok lc qe b qbpq

cfij ^ka qeb jb^proba fkqboc^`b pqobkdqe s^irb* qeb obpfar^i pqobpp fk qeb ^irjfkrj cfij p

qbpqba fk qe fp molgb`q tbob abqboj fkba rpfkd ^ t^cbo `ros^qrob jb^probjbkq qb`ekfnrb,

Refk cfij obpfar^i pqobpp fk _lqe ^irj fkrj -pfif`lk ^ka ^irj fkrj -crpba pfif`^ p^jmibp

tbob jb^proba t fqe ^ IJ?+Rbk`lo Diburp Klabi 07.6 bnrfmmba tfqe ^ i^pbo obcib`q^k`b

jb^probjbkq pvpqbj , ? p`ebj^qf` l c qeb ^mm^o^qrp fp peltk fk Dfd, A ,i, Refp m^oqf`ri^o

jlabi jb^probp qeb ^kdib lc obcib`qflkp l c qtl i^pbo _b^jp tef`e ^ob sboqf`^iiv fk`fabkq lk

qeb t^cbo, Rl fjmolsb ^``ro^`v* ^ ifkb p`^k qo^`bp /.. a^q^ mlfkqp lk qeb proc^`b* colj tef`e

qeb o^afrp lc `ros^qrob fp `^i`ri^qba _v ^ m^o^_lif` cfq lc qeb abcib`qflk `rosb,

Reb jb^proba o^afrp lc `ros^qrob fp qebk rpba ql `^i`ri^qb qeb obpfar^i pqobpp fk qe b qefk

cfij rpfkd Qqlkbv bnr^qflk Y53[

tebob qeb _f^uf^i bi^pqf` jlarirp lc qeb pr_pqo^qb fp A , % / à o&[) ^ka n . ^ka n d ^ob qe b pr_+

pqo^qb ^ka cfij qef`hkbpp* obpmb`qfsbiv, Fbob* N + fp qeb o^afrp lc `ros^qrob _bclob abmlpfqflk

&obcbobk`b' ^ka N fp qeb o^afrp lc `ros^qrob ^cqbo cfij abmlpfqflk, Reb ^_lsb bnr^qflk fp
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Appendix C 

Residual Stress Measurements 

The thin films used in this project were either vapor deposited using a thermal evaporator 

or sputtered using a sputtering system. During the deposition process, large residual stress 

can be induced. Because the residual stress state could affect the failure pattern of the test 

film and the measured interface strength value, the residual stress in the aluminum films 

tested in this project were determined using a wafer curvature measurement technique. 

Thin film residual stress in both aluminum/ silicon and aluminum/fused silica samples 

were measured with a KLA-Tencor Flexus Model 2908 equipped with a laser reflectance 

measurement system. A schematic of the apparatus is shown in Fig. C.1. This particular 

model measures the angle of reflections of two laser beams which are vertically incident on 

the wafer. To improve accuracy, a line scan traces 100 data points on the surface, from which 

the radius of curvature is calculated by a parabolic fit of the deflection curve. 

The measured radius of curvature is then used to calculate the residual stress in the thin 

film using Stoney equation [75] 

(C.1) 

where the biaxial elastic modulus of the substrate is E/(1- 11)s, and ts and t1 are the sub­

strate and film thickness, respectively. Here, Ro is the radius of curvature before deposition 

{reference) and R is the radius of curvature after film deposition. The above equation is 
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KlYjkiXk\

L_`e ]`cd

=\k\Zkfi =\k\Zkfi

DXj\i
KkXk`feXip E`iifi;\Xd jgc`kk\i

Dfdrob A ,i8 Q`ebj^qf` lc qeb pqobpp jb^probjbkq ^mm^o^qrp,

_^pba lk _b^j _bkafkd jb`e^kf`p ^ka ^pprjbp qe^q qeb cfij qef`hkbpp fp jr`e ibpp qe^k

qe^q lc qeb pr_pqo^qb, Refp ^pprjmqflk ^iiltp `^i`ri^qflk lc pqobpp fk qeb cfij colj qeb

qef`hkbpp lc qeb pr_pqo^qb ^ka cfij ^ka qeb bi^pqf` molmboqfbp lc qeb pr_pqo^qb lkiv, Gk qeb

`roobkq tloh* ^ii cfij p tbob dob^qbo qe^k qtl loabop lc j^dkfqrab qefkkbo qe^k qeb pr_pqo^qb

qef`hkbpp lc 1.. { 3.. `cg +

Gk Dfdrob A ,i * qeb pfdk lc qeb t^cbo `ros^qrob &/ ,N & fp ^pprjba mlpfqfsb &`lk`^sb rm',

Gc ^k ^aafqflk^i pqobpp fp dbkbo^qba tfqefk qe b cfij * qeb `ros^qrob tfii bfqebo _b`ljb jlob

`lk`^sb %N tfii ab`ob^pb' clo qbkpfib pqobpp* lo qeb `ros^qrob tfii fk`ob^pb lo bsbkqr^iiv _b`ljb

kbd^qfsb fc qeb ^aafqflk^i pqobpp fp `ljmobppfsb, Reb `lksbopb pfqr^qflk ^ofpbp tebk qeb fkfqf^i

o^afrp lc `ros^qrob fp kbd^qfsb,

Pbpfar^i pqobpp fk ^irjfkrj cfijp abmlpfqba lk 13. %d)g qef`h pfif`lk pr_pqo^qb t^p jb^+

proba clo qtl cfij qef`hkbppbp* .,3 ,d)g ^ka /,. \j , Dfd, A,0 peltp qeb abcib`qflk `rosbp

_bclob ^ka ^cqbo qeb cfij abmlpfqflk clo _lqe cfij qef`hkbppbp, Reb jb^proba o^afrp lc `ros^+

qrob _bclob ^ka ^cqbo cfij abmlpfqflk ^p tbii ^p qeb `^i`ri^qba obpfar^i pqobpp ^ob prjj^ofwba

fk R^_ib A ,i, Reb obpfar^i pqobppbp tbob jb^proba 1. j fkrqbp ^cqbo qeb abmlpfqflk, Reb

obpfar^i pqobpp fk _lqe cfijp fp qbkpfib* tef`e fp qvmf`^i clo bs^mlo^qba jbq^i cfijp Y54[, Reb

/12
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Thin film 

Laser 
Beam splitter Stationary Mirror 

Figure C.1: Schematic of the stress measurement apparatus. 

based on beam bending mechanics and assumes that the film thickness is much less than 

that of the substrate. This assumption allows calculation of stress in the film from the 

thickness of the substrate and film and the elastic properties of the substrate only. In the 

current work, all films were greater than two orders of magnitude thinner than the substrate 

thickness of 300 ~ 500 µm. 

In Figure C.1, the sign of the wafer curvature (1/ R) is assumed positive ( concave up). 

If an additional stress is generated within the film, the curvature will either become more 

concave ( R will decrease) for tensile stress, or the curvature will increase or eventually become 

negative if the additional stress is compressive. The converse situation arises when the initial 

radius of curvature is negative. 

Residual stress in aluminum films deposited on 350 µm thick silicon substrate was mea­

sured for two film thicknesses, 0.5 µm and 1.0 µm. Fig. C.2 shows the deflection curves 

before and after the film deposition for both film thicknesses. The measured radius of curva­

ture before and after film deposition as well as the calculated residual stress are summarized 

in Table C.1. The residual stresses were measured 30 minutes after the deposition. The 

residual stress in both films is tensile, which is typical for evaporated metal films (76]. The 
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Dfij qef`hkbpp
&\j '

Ni N Pbpfar^i pqobpp
] &KN^'

.,3 +55 //5 44
/,. +12 +//3 /3/

qefkkbo cfij &.,3 -fj ' e^p ^ i^odbo qbkpfib pqobpp* /3/ KN^, ?ka qeb qef`hbo cfij &/,.6 -fj '

e^p ^ iltbo qbkpfib pqobpp* 44 KN^,

Reb obpfar^i pqobpp fk qeb /,. `cg qef`h ^irjfkrj qefk cfij t^p ^ipl jlkfqloba clo 26

elrop &fk 1. j fkrqbp fkqbos^ip' cliiltfkd qeb abmlpfqflk, Reb obpfar^i pqobpp t^p `^i`ri^qba

clo bsbov jb^proba N s^irb ^ka fp milqqba fk Dfd, A,1 ^p ^ crk`qflk lc qfjb, Reb obpfar^i

qbkpfib pqobpp fk qeb /,. -fj qef`h ^irjfkrj cfij obi^ubp kb^oiv /5# lc qeb fkfqf^i s^irb tfqefk

26 elrop, ?cqbo obj^fkfkd fk qeb i^_ clo qtl jlkqep* qeb obpfar^i pqobpp fk qeb p^jb cfij

t^p jb^proba ^d^fk ^ka clrka ql _b lkiv 2. KN^, Refp obi^u^qflk _be^sflo fp `ljjlk

clo bs^mlo^qba j bq^i cfijp tfqe ilt jbiqfkd mlfkq Y55[, ?q ollj qbjmbo^qrob* pqobpp+aofsbk

afccrpflk obib^pbp qeb obpfar^i pqobpp fk qeb cfij,

Pbpfar^i pqobpp fk ^irjfkrj qefk cfijp abmlpfqba lk 3.. %cg qef`h crpba pfif`^ pr_pqo^qbp

tbob jb^proba clo pbsbo^i cfij qef`hkbppbp, @b`^rpb crpba pfif`^ fp qo^kpm^obkq* fkqbkpfqv lc

qeb obcib`qba i^pbo ifdeq t^p nrfqb ilt clo qeb _^pb ifkb jb^probjbkq lc NM ^ka pfdkfcf`^kq

s^of^qflk fk qeb jb^probjbkq l``rop, Gk loabo ql fk`ob^pb qeb obcib`qba ifdeq fkqbkpfqv ^ka

qeb ^``ro^`v lc qeb _^pb ifkb `ros^qrob jb^probjbkqp* ^ âmobpqobppä pqo^qbdv t^p ^almqba,

Refp pqo^qbdv fp peltk p`ebj^qf`^iiv fk Dfdrob A,2, Noflo ql ^kv jb^probjbkq* ^ mobpqobpp

cfij t^p abmlpfqba lk qeb qlm proc^`b l c qeb _^ob t^cbo, Reb o^afrp lc `ros^qrob jb^proba

tfqe qefp qlm cfij t^p rpba ^p qeb fkfqf^i o^afrp lc `ros^qrob Ni+ ?cqbo bpq^_ifpefkd qeb _^pb

ifkb* qeb cfij lc fkqbobpq t^p abmlpfqba lk qeb _lqqlj pfab lc qeb t^cbo ^ka qeb o^afrp lc

`ros^qrob* N ) t^p jb^proba, Reb s^irbp lc NM ^ka N tbob qebk pr_pqfqrqba fkql bnr^qflk

&A ,i' ql `^i`ri^qb qeb obpfar^i pqobpp fk qeb pb`lka cfij,

?``loafkd ql qefp pqo^qbdv* ^ .,2 -fj qef`h ^irjfkrj cfij t^p rpba ^p qeb mobpqobpp cfij
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Table C.1: Residual stress measurement in aluminum thin films deposited on 350 µm thick 
silicon substrates. 

Film thickness Ro R Residual stress 
(µm) (l (MPa) 

0.5 66 
1.0 -34 -115 151 

thinner film (0.5 µm) has a larger tensile stress, 151 MPa. And the thicker film (1.08 µm) 

has a lower tensile stress, 66 MPa. 

The residual stress in the 1.0 µm thick aluminum thin film was also monitored for 48 

hours (in 30 minutes intervals) following the deposition. The residual stress was calculated 

for every measured R value and is plotted in Fig. C.3 as a function of time. The residual 

tensile stress in the 1.0 µm thick aluminum film relaxes nearly 17% of the initial value within 

48 hours. After remaining in the lab for two months, the residual stress in the same film 

was measured again and found to be only 40 MPa. This relaxation behavior is common 

for evaporated metal films with low melting point [77]. At room temperature, stress-driven 

diffusion releases the residual stress in the film. 

Residual stress in aluminum thin films deposited on 500 µm thick fused silica substrates 

were measured for several film thicknesses. Because fused silica is transparent, intensity of 

the reflected laser light was quite low for the base line measurement of .Ro and significant 

variation in the measurement occurs. In order to increase the reflected light intensity and 

the accuracy of the base line curvature measurements, a "prestress" strategy was adopted. 

This strategy is shown schematically in Figure C.4. Prior to any measurement, a prestress 

film was deposited on the top surface of the bare wafer. The radius of curvature measured 

with this top film was used as the initial radius of curvature Ro. After establishing the base 

line, the film of interest was deposited on the bottom side of the wafer and the radius of 

curvature, R, was measured. The values of .Ro and R were then substituted into equation 

(C.1) to calculate the residual stress in the second film. 

According to this strategy, a 0.4 µm thick aluminum film was used as the prestress film 
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Dfdrob A,08 Bbcib`qflk lc ^ 1 fk`e af^jbqbo 13. %rg qef`h pfif`lk t^cbo _bclob ^ka ^cqbo qeb
abmlpfqflk lc ^ &^' .,3 -fj9 &_' /,. `rj ^irjfkrj cfij,
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Figure C.2: Deflection of a 3 inch diameter 350 µm thick silicon wafer before and after the 
deposition of a ( a) 0.5 µm; (b) 1.0 µm aluminum film. 
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Dfdrob A,18 Pbi^u^qflk l c qeb obpfar^i pqobpp t fqe qfj b fk ^ /,. qef`h ^irjfkrj cfij
abmlpfqba lk ^ 13. \j qef`h pfif`lk t^cbo,

Nobpqobppfkd
cfij

Nobpqobppfkd
cfijRbpq cfij

Dfdrob A,28 Q`ebj^qf` lc qeb `ros^qrob jb^probjbkq _v mobpqobpp pqo^qbdv,
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Figure C.3: Relaxation of the residual stress with time in a 1.0 µm thick aluminum film 
deposited on a 350 µm thick silicon wafer. 

Figure C.4: Schematic of the curvature measurement by prestress strategy. 
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R^_ib A,08 Pbpfar^i pqobpp jb^probjbkq fk ^irjfkrj qefk cfijp abmlpfqba lk 3.. qef`h
crpba+pfif`^ pr_pqo^qbp,]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]

Dfij qef`hkbpp
%`rj'

Ni N Pbpfar^i pqobpp
[ &KN^'

.,3 +/63 /41 5.
/,13 47 00 46

clo qeobb jb^probjbkqp, Reb ^aafqflk lc qeb mobpqobpp cfij fp ^`qr^iiv `ilpbo ql qeb ob^i

pfqr^qflk fk qeb bumbofj bkq* fk tef`e ^ .,2 ,rg qef`h ^irjfkrj ^_plo_fkd i^vbo fp ^it^vp

abmlpfqba lk lkb pfab lc qeb pr_pqo^qb cfopq, Rtl qbpq cfij qef`hkbppbp* .,3 `rj ^ka /,13 ,rg)

tbob pqrafba, Dfdrob A,3 peltp qeb abcib`qflk `rosbp _bclob ^ka ^cqbo qeb pb`lka cfij &qbpq

cfij' abmlpfqflk clo _lqe cfij qef`hkbppbp, Reb jb^proba o^afrp lc `ros^qrob ^p tbii ^p qeb

`^i`ri^qba obpfar^i pqobpp ^ob prjj^ofwba fk R^_ib A,0,

? iqelrde qeb qtl cfij qef`hkbppbp ^ob nrfqb afccbobkq* qeb jb^proba obpfar^i pqobppbp ^ob

sbov `ilpb* 5. KN^ clo .,3 grj* ^ka 46 KN^ clo /,13 `rj, Rebob `lria _b pljb boolo ^ppl`f^qba

tfqe qebpb pqobpp s^irbp arb ql qeb `ljmibu abcib`qflk lc qeb t^cbo ^cqbo mobpqobppfkd, Gk

t^cbo `ros^qrob jb^probjbkq* qeb o^afrp l c `ros^qrob fp l_q^fkba colj ^ m^o^_lif` cfq lc qeb

abcib`qflk `rosb, Dlo _lqe t^cbop fk Dfd, A,3* qeb fkfqf^i abcib`qflk absf^qbp colj pq^ka^oa

m^o^_lif` qobka* tef`e j^v fkar`b boolop fk qeb `ros^qrob cfqqfkd, Bbpmfqb qefp fk^``ro^`v*

qeb pfdk l c qeb obpfar^i pqobppbp ^ob l_sflrpiv qbkpfib clo _lqe jb^probjbkqp,

R eb obi^u^qflk _be^sflo lc qeb obpfar^i pqobpp fk qeb /,13 `rj qef`h ^irjfkrj cfij t^p

^ipl jlkfqloba clo 26 elrop cliiltfkd qeb abmlpfqflk fk 1. j fkrqb fk`objbkqp, Qfjfi^o ql

qeb `^pb clo pfif`lk pr_pqo^qb p^jmibp* qeb obpfar^i pqobpp fk qeb ^irjfkrj cfij ^ipl obi^ubp

t fqe qfj b &Dfd, A ,4', Klpq lc qeb obi^u^qflk l``rooba arofkd qeb cfopq /. elrop cliiltfkd cfij

abmlpfqflk, Reb obpfar^i pqobpp ob^`eba ^ pq^_ib s^irb fk ^_lrq 1. elrop, Klob qe^k 35#

lc qeb fkfqf^i obpfar^i pqobpp obi^uba fk 26 elrop, Rerp* jr`e jlob obi^u^qflk l``rooba fk

qeb crpba pfif`^ p^jmibp qe^k pfif`lk p^jmibp* tef`e fp mol_^_iv arb ql qeb afccbobk`b lc qeb

pr_pqo^qb, Reb pfif`lk pr_pqo^qb fp pfkdib `ovpq^i ^ka `lria fkar`b pqolkdbo qbuqrob fk qeb

abmlpfqba ^irj fkrj cfij * obpriqfkd fk efdebo obpfar^i pqobpp, Drpba pfif`^ fp ^jlomelrp ^ka

/16
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Table C.2: Residual stress measurement in aluminum thin films deposited on 500 µm thick 
fused-silica substrates. 

Film thickness Ro R Residual stress 
(µm) u (MPa) 
0.5 70 
1.35 68 

for three measurements. The addition of the prestress film is actually closer to the real 

situation in the experiment, in which a 0.4 µm thick aluminum absorbing layer is always 

deposited on one side of the substrate first. Two test film thicknesses, 0.5 µm and 1.35 µm, 

were studied. Figure C.5 shows the deflection curves before and after the second film ( test 

film) deposition for both film thicknesses. The measured radius of curvature as well as the 

calculated residual stress are summarized in Table C.2. 

Although the two film thicknesses are quite different, the measured residual stresses are 

very close, 70 MPa for 0.5 µm, and 68 MPa for 1.35 µm. There could be some error associated 

with these stress values due to the complex deflection of the wafer after prestressing. In 

wafer curvature measurement, the radius of curvature is obtained from a parabolic fit of the 

deflection curve. For both wafers in Fig. C.5, the initial deflection deviates from standard 

parabolic trend, which may induce errors in the curvature fitting. Despite this inaccuracy, 

the sign of the residual stresses are obviously tensile for both measurements. 

The relaxation behavior of the residual stress in the 1.35 µm thick aluminum film was 

also monitored for 48 hours following the deposition in 30 minute increments. Similar to 

the case for silicon substrate samples, the residual stress in the aluminum film also relaxes 

with time (Fig. C.6). Most of the relaxation occurred during the first 10 hours following film 

deposition. The residual stress reached a stable value in about 30 hours. More than 57% 

of the initial residual stress relaxed in 48 hours. Thus, much more relaxation occurred in 

the fused silica samples than silicon samples, which is probably due to the difference of the 

substrate. The silicon substrate is single crystal and could induce stronger texture in the 

deposited aluminum fiim, resulting in higher residual stress. Fused silica is amorphous and 
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Dfdrob A,38 Bbcib`qflk lc crpba+pfif`^ t^cbo &3.. -uj' _bclob ^ka ^cqbo qeb pb`lka cfij abml+
pfqflk l c ^ &^' .,3 `cj* &_' /,13 `rj qef`h ^irjfkrj cfij,
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Figure C.5: Deflection of fused-silica wafer (500 µm) before and after the second film depo­
sition of a (a) 0.5 µm, (b) 1.35 µm thick aluminum film. 
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Dfdrob A,48 Pbi^u^qflk lc qeb obpfar^i pqobpp t fqe qfj b fk ^ /,13 `d)g qe f`h ^irjfkrj cfij
^ 3.. grj qef`h crpba+pfif`^ t^cbo,

`lria c^slo jlob afccrpflk ^q qeb fkqboc^`b ^ka ebk`b jlob obi^u^qflk,
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Figure C.6: Relaxation of the residual stress with time in a 1.35 µm thick aluminum film on 
a 500 µm thick fused-silica wafer. 

could favor more diffusion at the interface and hence more relaxation. 
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?mmbka fu B

R fj b Alkpq^kq l c Nelqlabqb` qlo ^ka
Bb`lkslirqflk Dofkdb Aloob`qflk

Brofkd qeb pm^ii^qflk bumbofj bkqp* qeb pel`h rpr^iiv e^p ^ c^ii qfj b lc ^_lrq / kp, Rerp qeb

a^q^ jrpq _b obplisba tfqe pr_+k^klpb`lka obplirqflk, Reb melqlab`qlo rpba fk qefp molgb`q

fp ^ Qfif`lk Nfk Bbqb`qlo CR+0.1.* tef`e t^p j^krc^`qroba _v Cib`qol+Mmqf`p Rb`eklildv*

Gk`, Reb j^fk cb^qrobp lc qeb abqb`qlo ^ob ifpqba fk R^_ib B ,i * ^jlkd tef`e qeb ofpb qfj b

^ka abqb`qflk ^ob^ ^ob jlpq fjmloq^kq ql qefp ^mmif`^qflk, ? pj^ii bklrde abqb`qflk ^ob^

dr^o^kqbbp qe^q qeb pfdk^i fp l_q^fkba colj qeb `bkqbo l c qeb fkqbocbobk`b cofkdb ^ka qeb ifdeq

fkqbkpfqv fp klq obar`ba _v ^sbo^dfkd, ? c^pq ofpb ^ka c^ii qfj b fp bppbkqf^i clo ^``ro^qbiv

obplisfkd qe b c^pqbpq cb^qrobp lc qeb pel`h, Gc qeb ofpb qfj b lc qeb abqb`qlo fp klq c^pq bklrde*

qeb ob^i pel`h `lria _b afpqloqba, Gk loabo ql bs^ir^qb qe b qfj b `lkpq^kq lc qeb melqlabqb`qlo*

^ pfkdib 13 mp fjmripb l_q^fkba colj ^ La8WJD i^pbo tfqe ^ t^sbibkdqe l c 305 kj t^p

jb^proba _v lro CR+0.1., Refp bumbofjbkq molsfabp qeb fjmripb obpmlkpb crk`qflk lc qeb

abqb`qlo ^ka fqp bib`qolkf`p, Reb o^t cofkdb a^q^ abqb`qba fk qeb bumbofjbkq `^k qebk _b

`loob`qba _v ab`lkslisfkd tfqe qeb fjmripb obpmlkpb crk`qflk, Reb ab`lkslirqflk j^v _b

^ccb`qba fk qeb Dlrofbo qo^kpcloj alj^fk, Reb `loob`qflk fp ob^ifwba _v q^hfkd qeb fksbopb

Dlrofbo qo^kpcloj^qflk lc qeb o^qfl lc Dlrofbo qo^kpclojba o^t cofkdb a^q^* ql qeb Dlrofbo

qo^kpclojba fjmripb obpmlkpb crk`qflk*
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Appendix D 

Time Constant of Photodetector and 
Deconvolution Fringe Correction 

During the spallation experiments, the shock usually has a fall time of about 1 ns. Thus the 

data must be resolved with sub-nanosecond resolution. The photodector used in this project 

is a Silicon Pin Detector ET-2030, which was manufactured by Electro-Optics Technology, 

Inc. The main features of the detector are listed in Table D.1, among which the rise time 

and detection area are most important to this application. A small enough detection area 

guarantees that the signal is obtained from the center of the interference fringe and the light 

intensity is not reduced by averaging. A fast rise and fall time is essential for accurately 

resolving the fastest features of the shock. If the rise time of the detector is not fast enough, 

the real shock could be distorted. In order to evaluate the time constant of the photodetector, 

a single 35 ps impulse obtained from a Nd:YLF laser with a wavelength of 527 nm was 

measured by our ET-2030. This experiment provides the impulse response function of the 

detector and its electronics. The raw fringe data detected in the experiment can then be 

corrected by deconvolving with the impulse response function. The deconvolution may be 

affected in the Fourier transform domain. The correction is realized by taking the inverse 

Fourier transformation of the ratio of Fourier transformed raw fringe data, to the Fourier 

transformed impulse response function, 
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R^_ib B ,i8 K^fk cb^qrobp lc CR+0.1. melql+abqb`qlo,

Pfpb qfj b : 1.. mp
D^ii qfj b : 1.. mp
Gjmbabk`b 0 + h

Bbqb`qflk ^ob^ .,./ jj0
Qbjpfqfsfqv . ,2? -U > 61. kj
Q^qro^qflk /. j?

çcZfii\Zk\[ ; GDDR
D D R &- ô t'

DDR & *`d gl cj\ $
&B ,i'

tebob - ô t fp qeb ifdeq fkqbkpfqv lc qeb o^t cofkdb a^q^ ^ka * ` d gl `j\ fp fjmripb obpmlkpb crk`qflk,

Reb fjmripb obpmlkpb crk`qflk fp m ilqqba fk Dfd, B ,i , Reb ^idlofqej fk Cn, &B ,i' fp ^mmifba

lk qeb o^t cofkdb a^q^ milqqba fk Dfd, B,0, Reb ^jmifqrab l c qeb Dlrofbo qo^kpcloj^qflk lc

qeb o^t cofkdb ^ka fjmripb ^ob milqqba fk Dfd, B ,1, Reb me^pb fkcloj^qflk fp klq milqqba,

Qfk`b qeb `rq+lcc cobnrbk`v lc qeb fjmripb & { /,3 EFw' fp jr`e efdebo qe^k qe^q lc qeb o^t

cofkdb a^q^ & { .,1 EFX'* sbov ifqqib afpqloqflk fp bumb`qba, Reb `loob`qba cofkdb a^q^ ^ka qeb

`loobpmlkafkd afpmi^`bjbkq* pr_pqo^qb ^ka fkqboc^`b pqobpp ^ob milqqba fk Dfd, B ,2 qldbqebo

t fqe qelpb colj qeb o^t a^q^, Reb qrokfkd mlfkq fp ^ ifqqib _fq pe^ombo fk qeb `loob`qba cofkdb

a^q^, Reb ^jmifqrab lc qeb `^i`ri^qba afpmi^`bjbkq ^ka pr_pqo^qb pqobpp ^ob sbov `ilpb clo

qeb `loob`qba ^ka o^t a^q^, Reb pel`h molcfib fk Dfd, B ,2` fp ^ipl ^ ifqqib _fq pe^ombo fk qeb

`loob`qba pfdk^i* tef`e qebk obpriqp fk ^k fkqboc^`b pqobpp ^_lrq 12 KN^ efdebo qe^k qe^q

colj qeb o^t a^q^, ?iqelrde qeb molcfibp ^ob pe^ombkba* qeb ab`lkslirqflk ^ipl fkqolar`bp

efdebo klfpb fk qeb pqobpp a^q^,

Rerp* qeb ab`lkslirqflk peltp ifqqib bccb`q lk qeb ^jmifqrab lc pr_pqo^qb pqobpp ^ka lkiv

^ pj^ii ^jlrkq &6#' lc fk`ob^pb fk qeb fkqboc^`b pqobpp, Aljm^ofkd qefp bccb`q ^ka qeb bccb`q

lc bu^`q fkqboc^`b `^i`ri^qflk &Cn, @ ,/6'* tef`e qbkap ql ab`ob^pb qeb `^i`ri^qba fkqboc^`b

pqobpp ^p peltk fk R^_ib ==* qeb bccb`qp lc qeb i^odb cfij qef`hkbpp ^ka melqlab`qlo abqb`qlo
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Table D.l: Main features of ET-2030 photo-detector. 

Rise time < 300 ps 
Fall time < 300 ps 

lmpedence son 
Detection area 0.01 mm2 

Semsitivi ty 0.4A/W @ 830 nm 
Saturation 10 mA 

[ 
FFT( Iraw) ] 

!corrected = IFFT FFT( /impulse) (D.1) 

where I raw is the light intensity of the raw fringe data and /impulse is impulse response function. 

The impulse response function is plotted in Fig. D.l. The algorithm in Eq. (D.1) is applied 

on the raw fringe data plotted in Fig. D.2. The amplitude of the Fourier transformation of 

the raw fringe and impulse are plotted in Fig. D.3.· The phase information is not plotted. 

Since the cut-off frequency of the impulse ( ~ 1.5 GHz) is much higher than that of the raw 

fringe data(~ 0.3 GHZ), very little distortion is expected. The corrected fringe data and the 

corresponding displacement, substrate and interface stress are plotted in Fig. D.4 together 

with those from the raw data. The turning point is a little bit sharper in the corrected fringe 

data. The amplitude of the calculated displacement and substrate stress are very close for 

the corrected and raw data. The shock profile in Fig. D.4c is also a little bit sharper in the 

corrected signal, which then results in an interface stress about 34 MPa higher than that 

from the raw data. Although the profiles are sharpened, the deconvolution also introduces 

higher noise in the stress data. 

Thus, the deconvolution shows little effect on the amplitude of substrate stress and only 

a small amount (8%) of increase in the interface stress. Comparing this effect and the effect 

of exact interface calculation (Eq. B.18), which tends to decrease the calculated interface 

stress as shown in Table ?? , the effects of the large film thickness and photodector detector 
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Figure D.1: A 35 ps impulse detected by ET-2030 photodector and the detection electronics. 
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Figure D.2: Raw fringe data measured in tensile spallation experiment. 
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Figure D.3: Amplitude of the Fourier transformation of the impulse and fringe data. 

distortion can both be safely neglected. 
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Figure D.4: Data before and after deconvolution: (a) fringe; (b) displacement; (c) substrate 
stress; ( d) interface stress. 
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Pbcbobk`bp

Y/[ ?,E , Cs^kp ^ka H, Frq`efkplk, Reb qebojljb`e^kf`^i fkqbdofqv lc qefk cfijp ^ka jri+

qfi^vbop, =]n[ I_n[ffolac_m) _n I [n_lc[fc[) 21803.5+031.* /773,

Y0[ I,J, K fqq^i, ?aebpflk jb^probjbkq8 ob`bkq moldobpp* rkplisba mol_ibjp* ^ka molpmb`qp,

=^b_mcih I_[mol_g_hn i ` Pbch Bcfgm) Pbc]e Bcfgm) [h^ >ofe ?i[ncham) ?jbof`^k Ql`f+

bqv clo Rbpqfkd ^ka K^qbof^ip* ?QRK QRN 42.83+/5* /756,

Y1[ I,J, K fqq^i, Qbib`qba _f_ifldo^mev lk ^aebpflk jb^probjbkq lc cfijp ^ka `l^qfkdp,

Fiolh[f i ` =^b_mcih O]c_h]_ [h^ P_]bhifias) /&1'8025à037* /765,

Y2[ B,K , K ^qqlu, =^b_mcih I_[mol_g_hn i ` Pbch Bcfgm) Pbc]e Bcfgm [h^ >ofe ?i[ncham+

A^+ I cnn[ f) G +H + ?j, Ql`, Rbpq, K^qbo, Qmb`, Rb`e,* /756,

Y3[ N,Q, ? ibulmlrilp ^ka R,A, MåQriifs^k, Kb`e^kf`^i molmboqfbp lc qefk cfijp, =hho[f

N_pc_q i ` I [n_lc[ fm O]c_h]_) 0.817/+20.* /77.,

Y4[ M,Q, Fb^sbkp, Qljb c^`qlop fkcirbk`fkd qeb ^aebpflk l c cfijp molar`ba _v s^`rrj

bs^mlo^qflk, Fiolh[f i` Lbsmc][f N[^cog ) //8133+14.* /73.,

Y5[ A, Ub^sbo, ?aebpflk lc qefk cfijp, Fiolh[f i ` R[]oog O]c_h]_ [h^ P_]bhifias) /08

/6+03* /753,

Y6[ K, J^rdfbo, Reb absbilmjbkq lc qeb p`o^q`e qb`ekfnrb clo qeb abqbojfk^qflk lc qeb

^aebpflk lc `l^qfkdp, Pbch Oifc^ Bcfgm) 54&1'8067+072* /76/,
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Y1.[ H,? , Dlu, Cccb`q lc mripb pe^mfkd lk i^pbo+fkar`ba pm^ii^qflk, =jjfc_^ Lbsmc]m H_nn_lm)

02812.+121* /752,

Y1/[ T, Ermq^* ?,Q, ?odlk* H,? , Alokfb* ^ka B,K , N^ohp, Kb^probjbkq lc fkqboc^`b pqobkdqe

_v i^pbo mripb+fkar`ba pm^ii^qflk, I[n_lc[fm O]c_h]_ [h^ Ahach__lcha * ?/038/.3+//5*

/77.,

Y10[ T , Ermq^* ?,Q, ?odlk* B,K , N^ohp* ^ka H,? , Alokfb, Kb^probjbkq lc fkqboc^`b pqobkdqe

_v ^ i^pbo pm^ii^qflk qb`ekfnrb, Fiolh[f i ` nb_ I_]b[hc]m [h^ Lbsmc]m i ` Oifc^m) 2.8

/2/+/6.* /770,

Y11[ T, Ermq^ ^ka H, Wr^k, Kb^probjbkq lc fkqboc^`b pqobkdqe _v qeb jlafcfba i^pbo+

pm^ii^qflk qb`ekfnrb8 GG, ?mmif`^qflkp ql j bq^i-`bo^j f` fkqboc^`bp, Fiolh[f i ` =jjfc_^

Lbsmc]m) 5280175+02.2* /771,

Y12[ T, Ermq^* H, Wr^k* ^ka ?, Nolkfk, Pb`bkq absbilmjbkqp fk qe b i^pbo pm^ii^qflk qb`e+

kfnrb ql jb^prob qeb fkqboc^`b pqobkdqe ^ka fqp obi^qflkpefm ql fkqboc^`b qlrdekbpp tfqe

^mmif`^qflkp ql j bq^i-`bo^j f`* `bo^j f`-`bo^j f`^ka `bo^j f`-mlivjbo fkqboc^`bp, Fioh[f

i ` =^b_mcih O]c_h]_ [h^ P_]bhifias* 685/1+525* /772,

Y13[ H, Wr^k ^ka T, Ermq^, Kb^probjbkq lc fkqboc^`b pqobkdqe _v qeb jlafcfba i^pbo+

pm^ii^qflk qb`ekfnrb8 G8 Cumbofjbkq ^ka pfjri^qflk lc qeb pm^ii^qflk mol`bpp, Fiolh[f

i ` =jjfc_^ Lbsmc]m) 5280166+0174* /771,

Y14[ H, Wr^k* T, Ermq^* ^ka ?, Nolkfk, Kb^probjbkq lc fkqboc^`b pqobkdqe _v qeb jlafcfba

i^pbo+pm^ii^qflk qb`ekfnrb8 GGG, Cumbofjbkq^i lmqfj fw^qflk lc qeb pqobpp mripb, Fiolh[f

i ` =jjfc_^ Lbsmc]m) 52802.3+02/.* /771,

Y15[ T, Ermq^* P, Fbok^kabw* H, Ur* ^ka N, Ae^o`lkkbq, Gkqboc^`f^i ^aebpflk ^ka fqp abdo^+

a^qflk fk pbib`qba j bq^ i-lu fab ^ka afbib`qof`-lufab fk jriqf+i^vbo absf`bp, R[]oog) 37

&/'8070à1..* 0...,

/27

P bm olar `ba tfqe m boj fppflk l c qe b `lmvofde q lt kbo, Droqebo obmolar`qflk molef_fqba t fqelrq m boj fppflk ,
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[30] J.A. Fox. Effect of pulse shaping on laser-induced spallation. Applied Physics Letters, 

24:340-343, 1974. 
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Y16[ T , Ermq^ ^ka ?, Wr, Ae^o^`qbofwfkd ^aebpflk lc qeboj^i _^oofbo `l^qfkdp, ?igjimcn_m

[h^ Boh]ncih[ffs Cl[^_^ I[n_lc[fm) 6.8177+2..* /775,

Y17[ N, ?o`ebo ^ka T, Ermq^, Kb^probjbkq ^ka `lkqoli lc f`b ^aebpflk ql ^irjfkrj 4.4/

^iilv, Fiolh[f i ` nb_ I_]b[hc]m [h^ Lbsmc]m i ` Oifc^m) 24&/.'8/605à/615* /776,

Y2.[ ?, Wr ^ka T, Ermq^, Kb^probjbkq lc fk pfqr cf_bo-j^qofu fkqboc^`f^i pqobkdqe fk

do^mefqb-bmluv `ljmlpfqbp, ?igjimcn_m O]c_h]_ [h^ P_]bhifias) 36&//'8/605à/615*

/776,

Y2/[ K, @lrpqfb* C, ?rolkw* H,N, Plj^fk* ?, @boqlif* ^ka B, K^kbppb, Bbqboj fk^qflk l c qeb

_lka pqobkdqe lc pljb jf`olk `l^qfkdp rpfkd qeb i^pbo pel`h qb`ekfnrb, A j d =jjfc_^

Lbsmc]m) ?N38/27+/31* /777,

Y20[ H, U^kd* P,J, Ub^sbo* ^ka L,P , Qlqqlp, ? m^o^jbqof` pqrav lc i^pbo fkar`ba qefk cfij

pm^ii^qflk, Arj_lcg_hn[f I_]b[hc]m) 20&/'852à61* 0..0,

Y21[ H,B , ?`ebk_^`e, S[p_ Llij[a[ncih ch A f[mnc] Oifc^m+ Lloqe+Flii^ka Nr_ifpefkd* 2qe

bafqflk* /762,

Y22[ I, Eo^cc, S[p_ I incih ch A f[mnc] Oifc^m+ Blsbo* /77/,

Y23[ H, J^j_* K, Pbatlla* ^ka X, Qeqbfkpeibfcbo, ?_plomqflk lc `ljmobppflk^i t^sbp fk

plifap colj /.. ql /... K `-pb`, Lbsmc][f N_pc_q H_nn_lm) 1&/'806à07* /737,

Y24[ E,J, L r qq ^ka U ,C, Ifkd, Aljjbkqp lk qeb _lka pqobkdqe jb^probjbkq l c Ermq^

^ka `l+tlohbop, I[n_lc[fm O]c_h]_ [h^ Ahach__lcha) ?/378/13+/20* /770,

Y25[ J,A, Jbs ^ka ?,Q, ?odlk, Qm^ii^qflk lc qefk bi^pqf` `l^qfkd colj bi^pqf` pr_pqo^qbp _v

i^pbo fkar`ba mobpprob mripbp, Fiolh[f i ` =jjfc_^ Lbsmc]m) 6.8307+320* /774,

/3.

P bmolar `ba tfqe m boj fppflk l c qe b `lmvofde q ltkbo, Droqebo obmolar`qflk molef_fqba t fqelrq mboj fppflk ,
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Y26[ ?,Q, ?odlk* H,? , Alokfb* T, Ermq^* J, Jbs* ^ka B,K , N^ohp, Pbpmlkpb ql qeb `lj+

jbkqp lc L r qq ^ka I fkd lk qeb _lka pqobkdqe jb^probjbkqp lc Ermq^ bq ^i, I[n_lc[fm

O]c_h]_ [h^ Ahach__lcha * ?158002+006* /775,

Y27[ J,C, Ifkpibo* ? ,P , Dobv* ? ,@ , Almmbkp* ^ka H,T , Q^kabop, Boh^[g_hn[fm i ` =]iomnc]m+

Lbt Wloh U fibv* /76.,

Y3.[ H, U^`hboib, Qel`h+t^sb `ljmobppflk lc nr^oqw, Fiolh[f i` =jjfc_^ Lbsmc]m * 118700*

/740,

Y3/[ J,K, @^ohbo ^ka P,C , Fliibk_^`e, Qel`h t^sb pqrafbp lc NK K ? * crpba pfif`^ ^ka

p^mmfob, Fiolh[f i ` =jjfc_^ Lbsmc]m * 2/820.6+2004* /75.,

Y30[ ?, Nfbo`b, =]iomnc]m+ K`Eo^t+Ffii* /76/,

Y31[ W, Ubf ^ka H, U, Frq`efkplk, Klabip lc fkqboc^`b pbm^o^qflk ^``ljm^kfba _v mi^pqf`

afppfm^qflk ^q j riqfm ib p`^ibp, Ehn_lh[ncih[f Fiolh[f i ` Bl[]nol_) 738/+/5* /777,

Y32[ H, K fhiltfqw, Af[mnc] S[p_m [h^ S[p_aoc^_m+ Lloqe Flii^ka* /756,

Y33[ I,+Q, I fj * P ,H, A ifcqlk* ^ka N, Irj^o, ? `lj_fkba kloj^i ^ka qo^kpsbopb afpmi^`b+

jbkq fkqbocboljbqbo tfqe ^k ^mmif`^qflk ql fjm^`q l c v +`rq nr^oqw, Fiolh[f i` =jjfc_^

Lbsmc]m * 26&/.'82/10+2/17* /755,

Y34[ E,D, P^fpbo* H,J, U fpb* P ,H, Aifcqlk* B,C, Eo^av* ^ka B,C , Alu, N i^qb fjm^`q obpmlkpb

lc `bo^jf`p ^ka di^ppbp, Fiolh[f i ` =jjfc_^ Lbsmc]m * 5381640+1647* /772,

Y35[ F,B, Cpmfklp^* K, Kbiil* ^ka W , Vr, ? s^of^_ib pbkpfqfsfqv afpmi^`bjbkq fkqbocboljbqbo

tfqe ^mmif`^qflk ql t^sb molm^d^qflk bumbofjbkqp, Fiolh[f i ` =jjfc_^ I_]b[hc]m) 428

/01+/1/* /775,

Y36[ K, Xelr ^ka P,H, Aifcqlk, Bvk^j f` ar`qfib ormqrob rkabo `lkafqflkp lc mi^kb pqo^fk,

Eh n_lh[ncih[f Fiolh[f i ` Egj[]n Ahach__lcha) /7&1'8/67à0.4* /775,

/3/

P bmolar `ba tfqe mboj fppflk l c qe b `lmvofde q ltkbo, Droqebo obmolar`qflk molef_fqba t fqelrq m boj fppflk ,

Boeing Ex. 1035, p. 172 of 175 
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Y37[ H,U , Frq`efkplk ^ka X, Qrl, K fuba+jlab `o^`hfkd fk i^vboba j^qbof^ip, =^p[h]_m ch

=jjfc_^ I_]b[hc]m) 07&/'841à/7* /770,

Y4.[ K ,B, Relribpp, Do^`qrob jb`e^kf`p lc ^ jlabi fkqboc^`b rkabo jfuba+jlab il^afkd,

=]n[ I_n[ffolac][) 168//13+//2.* /77.,

Y4/[ N,E, Ae^o^i^j_fabp* H, Jrka* ? ,E , Cs^kp* ^ka P, K, K`Kbbhfkd, ? qbpq pmb`fjbk

clo abqboj fkfkd qeb co^`qrob obpfpq^k`b lc _fj^qbof^i fkqboc^`bp, Fiolh[f i ` =jjfc_^

I_]b[hc]m* 34855+60* /767,

Y40[ F,A, A^l ^ka ?,E , Cs^kp, ?k bumbofjbkq^i pqrav lc qeb co^`qrob obpfpq^k`b lc _fj^qbof^i

fkqboc^`bp, I_]b[hc]m i ` I [n_lc[fm * 58073+1.3* /767,

Y41[ N,E, Ae^o^i^j_fabp* F ,A, A^l* H, Jrka* ^ka ? ,E , Cs^kp, Bbsbilmjbkq lc qbpq jbqela

clo jb^profkd qeb j fuba+jlab co^`qrob obpfpq^k`b lc _fj^qbof^i fkqboc^`bp, I_]b[hc]m

i ` I [n_lc[fm * 68047+061* /77.,

Y42[ . , Q_^fwbol* N,E, Ae^o^i^j_fabp* ^ka ? ,E , Cs^kp, Bbi^j fk^qflk `o^`hfkd fk ^ i^jf+

k^qba `bo^jf` j^qofu `ljmlpfqb, =jjfc_^ I_]b[hc]m N_pc_q * 218/714+/72.* /77.,

Y43[ ?,E , Cs^kp* ?, @^oqibqq* @, B^sfp* @ ,B , Difkk* K, Rrokbo* ^ka G,C, Pbfj^kfp, Do^`qrob

obpfpq^k`b lc j bq^i-`bo^j f`-fk qboj bq^iif` fkqboc^`bp, O]lcjn[ I_n[ffolac][ _n I [n_lc[fc[)

03&3'8 /..1à/./.* /77/,

Y44[ K,Q, Fr ^ka ?,E, Cs^kp, Reb `o^`hfkd ^ka ab`lebpflk lc qefk cfijp lk ar`qfib pr_pqo^qb,

=]n[ I_n[ffolac][* 1587/5+703* /767,

Y45[ H,Q, U^kd ^ka X, Qrl, Cumbofjbkq^i abqboj fk^qflk lc fkqboc^`f^i qlrdekbpp rpfkd _o^wfi+

krq+p^katf`e, =]n[ I_n[ffolac][) 168/057+/07.* /77.,

Y46[ I,K, Jfb`eqf ^ka W ,+Q , Ae^f, @ f^uf^i il^afkd bumbofjbkqp clo abqbojfkfkd fkqboc^`f^i

co^`qrob qlrdekbpp, Fiolh[f i ` =jjfc_^ I_]b[hc]m) 36&1'846.à465* /77/,

/30

P bmolar `ba tfqe m boj fppflk l c qe b `lmvofde q ltkbo, Droqebo obmolar`qflk molef_fqba t fqelrq m boj fppflk ,
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Y47[ Q, Q^fo^j ^ka P,H, Aifcqlk, Nobpprob+peb^o fjm^`q fksbpqfd^qflk lc avk^jf` co^djbkq^+

qflk ^ka cilt lc `bo^jf`p, =I@*Rif+ .64) I_]b[hc][f P_mncha i` ?_l[gc]m [h^ ?_l[gc]

?igjimcn_m) /772,

Y5.[ F,B, Cpmfklp^, Pb`bkq abslilmjbkqp fk sbil`fqv ^ka pqobpp jb^probjbkqp ^mmifba ql

qeb avk^j f` `e^o^`qbofw^qflk lc _ofqqib j^qbof^ip, I_]b[hc]m i` I[n_lc[fm) 0780/7+010*

/776,

Y5/[ ?, A^ka* H,N, Klk`e^ifk* ^ka V, Hf^, Bbqb`qflk lc fk+mi^kb ^ka lrq+lc+mi^kb riqo^plkf`

afpmi^`bjbkqp _v ^ qtl+`e^kkbi `lkcl`^i D^_ov+Nbolq fkqbocboljbqbo, =jjfc_^ Lbsmc]m

H_nn_lm * 42&2'82/2à2/4* /772,

Y50[ P, B^bkaifhbo ^ka H,D , U fiibjfk, Kb^profkd jf`ol+sf_o^qflkp _v ebqbolavkb pmb`hib

fkqbocboljbqov, Lli]__^cham i` nb_ Oi]c_ns i ` Lbini*Kjnc][ f Ehmnlog_hn[ncih Ahach__lm)

014861+63* /76/,

Y51[ J,K, @^ohbo ^ka P,C , Fliibk_^`e, Gkqbocboljbqbo qb`ekfnrb clo jb^profkd qb avk^jf`

jb`e^kf`^i molmboqfbp l c j^qbof^ip, N_pc_q i ` O]c_hnc`c] Ehmnlog_hnm) 14&//'8/4/5à/40.*

/743,

Y52[ B,Q, @^ifkq ^ka H,U , Frq`efkplk, Klab GG badb abi^j fk^qflk lc `ljmobppba qefk cfijp,

Fiolh[f i ` =jjfc_^ I_]b[hc]m*Pl[hm[]ncihm i ` nb_ =OIA) 46&3'8503à51.* 0...,

Y53[ E,E, Qqlkbv, Reb qbkpflk lc jbq^iif` cfijp abmlpfqba _v bib`qolivpfp, Lli]__^cham i `

Nis[f Oi]c_ns i ` Hih^ih =) 608/50+/53* /7.7,
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T fq^

Hrki^k U^kd t^p _lok lk ?mofi 7 */75/ * fk E^lq^kd* Qe^kalkd molsfk`b* Nblmibåp Pbmr_if` lc

Aefk^, Qeb glfkba qeb Skfsbopfqv l c Q`fbk`b ^ka Rb`eklildv l c Aefk^ fk /767* ^ka ob`bfsba ^

@^`ebilo lc Q`fbk`b abdobb fk /772 ^ka ^ K^pqbo lc Ckdfkbbofkd abdobb fk /775* tfqe elklop* fk

Kb`e^kf`p ^ka Kb`e^kf`^i Ckdfkbbofkd, Qeb qebk glfkba qeb Bbm^oqjbkq lc Reblobqf`^i ^ka

?mmifba Kb`e^kf`p ^q qeb Skfsbopfqv lc Giifklfp ^q So_^k^+Ae^jm^fdk fk ?rdrpq /775* tebob

peb tlohba tfqe Nolc, L^k`v P, Qlqqlp ^ka Nolc, Pf`e^oa J, Ub^sbo lk qeb absbilmjbkq

lc qefk+cfij ^aebpflk jb^probjbkq qb`ekfnrbp rpfkd i^pbo+dbkbo^qba pqobpp t^sbp, Qeb e^p

`l+^rqeloba qtl ^oqf`ibp lk qebpb qb`ekfnrbp fk Arj_lcg _hn[f I_]b[hc]m+

@bpfabp ebo obpb^o`e* Hrki^k U^kd tlohba ^p ^ qb^`efkd ^ppfpq^kq clo pbsbo^i rkabodo^ar+

^qb `lropbp ^ka fkpqor`qlo clo `lropb âGkqolar`qflk ql Qlifa Kb`e^kf`pä fk qeb R?K prjjbo

qb^`efkd fkpqfqr qb , ? q SGSA* peb t^p ^t^oaba qeb Qbbiv Eo^ar^qb Dbiiltpefm fk /776* qeb

Relj^p H, Bli^k Eo^ar^qb Dbiiltpefm fk 0../* ^ka ^ Bfppboq^qflk Aljmibqflk Dbiiltpefm

fk 0../+0..0,

F^mmfiv j^oofba ql Ko, V f^lmbkd @f* Hrki^k U^kd e^p _bbk _ibppba tfqe qtl ilsbiv plkp*

?a^j ^ka Kf`e^bi* _lqe _lok ^q So_^k^+Ae^jm^fdk arofkd ebo Ne,B , pqrav ^q SGSA,

Hrki^k U^kd e^p ^``bmqba ^ mlpq+al`qlo^i obpb^o`e mlpfqflk ^q @oltk Skfsbopfqv ^ka

tfii _b obil`^qfkd ql Nolsfabk`b* P ,G,* fk ?rdrpq 0..0,

/32
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