


Journal of

APPLIED PHYSICS

Volume 74 15 August 1993 Number 4

a publication of the American Institute of Physics

-

Boeing Ex. 1012, p. 2 of 19
Boeing v. Regents Univ. Cal.



CODEN: JAPIAU

Journal of

ISSN: 0021-8979

APPLIED PHYSICS

Steven J. Rothman, Editor

Robert C. Birtcher, Gian P. Felcher, Robert E. Holland, and John N. Mundy, Associate Editors

Catherine M. Dial, Assistant to the Editor

Editorial Board

Term ending 31 December 1993

L. Eric Cross

D. K. Finnemore
J. Murray Gibson
Frans W. Saris

Term ending 31 December 1994

William R. Frensley
Julia M. Phillips
Paul M. Solomon

Term ending 31 December 1995

Ulrich Goésele
William L. Johnson
William F. Krupke

AIP Editorial Staff: Deborah McHone, Editorial Supervisor; Elizabeth Belmont, Journal Coordinator; Julia Macklin,
Chief Production Editor; Cindy Klingensmith, Senior Production Editor

The Journal of Applied Physics is published semimonthly
by the American Institute of Physics (AIP) with the coopera-
tion of The American Physical Society. Itis devoted to general
physics and its applications to other sciences, to engineering,
and to industry. (Prior to 1937, the Journal carried the name
Physics.) The Editor welcomes manuscripts describing signif-
icant new experimental or theoretical results in applied phys-
ics or manuscripts concerning important new applications of
physics to other branches of science and engineering.

Information for Contributors

Submit manuscripts to the Journal of Applied Physics,
Argonne National Laboratory, 9700 South Cass Avenue,
Building 203, Room R-127, P.O. Box 8296, Argonne, IL
60439-8296. Submission is a representation that the manu-
script has not been published previously nor currently submit-
ted for publication elsewhere. It is the responsibility of the
corresponding author to confirm that each co-author ap-
proves of the paper as submitted. The manuscript should be
accompanied by a statement transferring copyright from the
authors (or their employers—whoever holds the copyright) to
AIP; a suitable form for copyright transfer is occasionally print-
ed in the back of this journal and is available from the Editor’s
office or AIP. This written transfer of copyright, which pre-
viously was assumed to be implicit in the act of submitting a
manuscript, is necessary under the 1978 U.S. copyright law in
order for AIP to continue disseminating physics research re-
sults as widely as possible. Further information may be ob-
tained from AIP.

Publication Charge: To support the cost of wide dissemi-
nation of research results through publication of journal
pages and production of a data base of articles, the author’s
institution is requested to pay a page charge of $55 per page
(with a one-page minimum) and an article charge of $20 per
article. For Errata the minimum page charge is $10, with no
article charge.

Two categories of manuscripts are acceptable, fuli-length
articles and Communications. The latter are short contribu-
tions not exceeding in length nine double-spaced typewritten

pages or three printed pages including allowances for equa-
tions, tables, and figures. Abstracts are required for manu-
scripts of both types. Instructions for preparation of manu-
scripts will be found in the January issue of this journal and
occasionally in later issues. In brief and incomplete summary:
Two copies of the manuscript, including clear copies of the
figures, are required, double-spaced throughout on one side
of 21.6 28 cm (81 < 11 in.) paper. The abstract, references,
figure captions, and tables are similarly to be double-spaced
each on its separate sheets. The figures should be original
line drawings or high-contrast glossy prints not larger than
21.6x28 cm and should be included with the submission.
References should conform to the style used in AIP journals
including this one. Unusual mathematical symbols should be
clarified with marginal notes. See AIP Style Manual for further
details.

AlP’s Physics Auxiliary Publication Service (PAPS) is a
low-cost depository for material which is part of and supple-
mentary to a published paper, but is too long to be included in
the journal; inquire of the Editor.

Proofs and all correspondence concerning papers in
the process of publication should be addressed to: Editorial
Supervisor, The Journal of Applied Physics, American Insti-
tute of Physics, 500 Sunnyside Blvd., Woodbury, NY 11797-
2999. In all correspondence reference should be made to
journal, author, scheduled date of issue, and AIP receipt
code. A limited number of alterations in proof are unavoid-
able, but the cost of making extensive alterations after the
article has been set in type will be charged to the author.

Copyright 1993 by the American Institute of Physics

Permission is granted to quote from the journal with the
customary acknowledgment of the source. To reprint a figure,
table, or other excerpt requires in addition the consent of one
of the original authors and notification to AIP. Reproduction
for advertising or promotional purposes, or republication in
any form, is permitted only under license from AIP, which will
normally require that the permission of one of the authors be
obtained. Direct inquiries to: Office of Rights and Permis-
sions, American Institute of Physics, 500 Sunnyside Boule-
vard, Woodbury, NY 11797-2999.

Second-class postage rates paid at Woodbury, NY and at additional mailing offices

Boeing Ex. 1012, p. 3 of 19
Boeing v. Regents Univ. Cal.



Journal of APPLIED PHYSICS

L

Vol. 74, No. 4, 15 August 1993

GENERAL PHYSICS: Nuclear, Atomic, and Molecular (PACS 01—36)

2153 Finite-time Carnot refrigerators with wall gain and product loads

2159 Speed properties of a semiconductor-discharge gap IR image converter

studied with a streak camera system

D. C. Agrawal, V. J. Menon

Yu. A. Astrov, L. M. Portsel, S. P.
Teperick, H: Wiliebrand, H.-G.
Purwins

CLASSICAL PHENOMENOLOGY: Electricity, Magnetism, Optics, Acoustics, Heat, Mechanics (PACS 41—-52)

2167 Facet heating of quantum well lasers

2175

2180
Bi;2GeO,; by the time-of-flight technique

2192
multiquantum well infrared photodetectors

2197

2203
703.2 and 724.5 nm

2208
method to solve humerical instabilities

2216

2220

Wavelength conversion of quadrupled Nd:YAG laser radiation to the
vacuum ultraviolet by anti-Stokes stimulated Raman scattering

Determination of the mobility and transport properties of photocarriers in

A numerical analysis of the double periodic reflection metal grating for
Application of blazed gratings to millimeter-submillimeter wave gyrotrons.
Fission-fragment excitation of the high-pressure atomic neon laser at
Acoustic propagation in anisotropic periodically multilayered media: A
Endoreversible thermal cycle with a nonlinear heat transfer law

A nonequilibrium thermodynamic theory of viscoplastic materials

G. Chen, C. L. Tien

Hiroki Moriwaki, Satoshi Wada,
Hideo Tashiro, Koichi Toyoda,
Akinari Kasai, Akira Nakamura

A. Ennouri, M. Tapiero, J. P. Vola,
J. P. Zielinger, J. Y. Moisan, J. C.
Launay

Yeong-cheng Wang, Sheng S. Li

K. D. Hong, G. F. Brand, T.
Idehara

G. A. Hebner

Catherine Potel, Jedn-Frangois de
Belleval -

F. Angulo-Brown, R.
P4ez-Hernandez

Barry Bernstein, Jeffrey T. Fong

(Continued)

Subscription Prices* (1993)

Optional
Can., Mex., Air Freight  Air Freight
Central &  Foreign
U.S.A. S. Amer. Surface Europe, Asia,
& Poss. & Caribbean mail Africa & Oceania
Members! $190.00 $270.00 $270.00 —_ $380.00
$1615.000 —

Reg. rate $1425.00 $1505.00 _

*The Journal is available on microfiche at $190 per year to members and
$1425 per year at the regular rate.

YAIP Member and affiliated Societies.

!Regular rate subscriptions to Europe, Asia, Africa, and Oceania include air
freight service. .

.

Back-Number Prices. 1993 single copies: $60.00. Prior to 1893
single copies: $24.00 for members and $70.00 for nonmembers.
Volumes 1-23 (1931-1952) are available only on microfilm.

The Journal of Applied Physics (ISSN: 0021-8979) is published
semimonthly by the American Institute of Physics, 500 Sunnyside
Blvd., Woodbury, NY 11787-2099. Second-class postage paid at
Woodbury, NY, and additional mailing offices. POSTMASTER: Send’
address changes to Journal of. Applied Physics, 500 Sunnyside
Bivd., Woodbury, NY 11787-2999.

Subscription, renewals, address changes, and single-copy
orders should be addressed to AIP Member and Subscriber Ser-
vices Division, 500 Sunnyside Blvd., Woodbury, NY 11787-2999.
Allow at least six weeks advance notice. For address changes
please send both old and new addresses and, if possible, include a
mailing label from the wrapper of a recent issue. For your conve-
nience a change of address form is included in every issue of
Physics Today; please use it. Request from subscribers for

missing journal issues will be honored without charge only if re-
ceived within six months of the issue’s actual date of publication;
otherwlise, the issue may be purchased at the single-copy price. (AlP
Headquarters are located at 335 East 45th St, New York, NY
10017-3483; Subscription Fulfillment offices are located at 500
Sunnyside Bivd., Woodbury, NY 11797-2999.)

Reprints of individual articles in this journal may be ordered
singly at $10.00 per article copy (postage included) for articles up to
20 pages. Beyond 20 pages there is a surcharge of $0.20 per page.
Air mail delivery is available. Orders are filled within one week of
receipt or of the date of publication, whichever is later. Send orders
to the AIP Member and Subscriber Services Divisigﬁ, 500 S;'mnyside
Blvd., Woodbury, NY 11797-2999.

Copyright Notice: I}uthorization to photocopy items for internal
or personal use; or the internal or personal use of specific clients, is
granted by the American‘Institute of Physics, pfovided that the ap-
propriate fee per page is paid directly to the Copyright Clearance
Centar (CCC), 27 Congress Street, Salem, MA 01970. For those
organizations that have been granted a photocopy license by CCC,
a separate system of payment has been arranged. Persons desiring
to photocopy materials for one-time classroom use should contact
CCC's Academic Permissions Service.

The ltem-fee Code for this publication is: 0021-8979/93 $06.00.

Microfilm Subscriptions of complete volumes of the Journal of
Applied Physics are available on 16 mm and 35 mm. The Journal of
Applied Physics also appears on a monthly basis in Current Physics
Microform (CPM) Section 1 along with 32 other journals published
by the American Institute of Physics and its member societies. A
Microfilm Catalog is available on request. The Journal of Applied
Physics is indexed quarterly in Current Physics Index, a subject and
author index (with abstracts) to all journals published by AIP and its
member societies.

Boeing Ex. 101%, 19
Boeing v. Regélrjw S gr‘ﬁﬁ al.

Y



2229

2237

2241

2247

2250
2260

2268

2274

Experimental considerations concerning the velocity measurement of the
relativistic electron beam in a gyrotron by means of Thomson scattering

Formation mechanism of hydrogen-associated defect with an 11.9 mT
doublet in electron spin resonance and red luminescence in 9Si0,:Ge0,
fibers

Output characteristics of a discharge-pumped F, laser (157 nm) with an
injection-seeded unstable resonator

Electron drift velocities in argon-boron trichloride gas mixtures

Radio frequency discharge modeling: Moment equations approach

Temperature measurements of a neon Z-pinch plasma

Generation of shock waves by laser-induced plasma in confined
geometry

Charged particle flow in plasma-filled pinched-electron-beam diodes

M. R. Siegrist, G. Soumagne, M. Q.
Tran

Koichi Awazu, Ken-ichi Muta,
Hiroshi Kawazoe

M. Kakehata, C.-H. Yang, Y. Ueno,
F. Kannari
Donald L. Mosteller Jr., Merrill L.

Andrews, Jerry D. Clark, Alan
Garscadden

M. Meyyappan, T. R. Govindan

B. L. Welch, F. C. Young, H. R.
Griem

D. Devaux, R. Fabbro, L. Tollier, E.
Bartnicki

S. B. Swanekamp, S. J.
Stephanakis, J. M. Grossmann,

B. V. Weber, J. C. Kellogg, P. F.
Ottinger, G. Cooperstein

CONDENSED MATTER: Structure, Mechanical, and Thermal Properties (PACS 61—68)

2287

2294

2300

2306

2310

2318

2323

2338

2347

2354

2359

2370

2378

2381

Germanium-doped gallium phosphide obtained by neutron irradiation

Effects of a stress field on boron ion implantation damage in silicon

Raman scattering study on the effects of Ga ion implantation and
subsequent thermal annealing for AISb grown by molecular-beam epitaxy

Depth distribution and thermal stability of implanted Hg ions in silicon

Radiation induced carrier enhancement and intrinsic defect
transformation in n-GaAs

Shallow Si pt-n junctions fabricated by focused ion beam Ga*
implantation through thin Ti and TiSi, layers

Interactions of wide band-gap single crystals with 248 nm excimer laser
radiation. 1. MgO

interactions of wide band-gap single crystals with 248 nm excimer laser
radiation. Il. NaCl

Photoluminescence spectra of trivalent praseodymium implanted in
sémi-insulating GaAs

The state of order of grain-oriented iron-silicon transformer sheets
investigated by neutron scattering

‘Analysis of thin-film solid solutions on single-crystal silicon by simulation

of x-ray rocking curves: B-Si and Ge-Si binary alloys

Two-dimensional distributions of ions implanted in channeling and
random directions of Si single crystals

Various bonding forms of OH groups in hydrogen-treated silica

Depth-resolved measurement of lattice relaxation in Ga, _,In,As/GaAs
strained layer superlattices by means of grazing-incidence x-ray
diffraction

(Continueqd)

A

E. M. Goldys, J. Barczynska, M.
Godlewski, A. Sienkiewicz, B. J.
Heijmink Liesert

J. D. Mis, S. R. Mader, D. N.
Beshers .

S. G. Kim, H. Asahi, M. Seta, S.
Emura, H. Watanabe, S. Gonda, H.
Tanoue

Ke-Ming Wang, Bo-Rong Shi,
Shi-Jie Ma, Hong-Ying Zhai,
Xiang-Dong Liy, Ji-Tian Liu, Xi-Ju
Liu

Anouar Jorio, Chedly Rejeb, Martin
Parenteau, Cosmo Carlone,
Shyam M. Khanna

H. C. Mogul, A. J. Steckl, S. W.
Novak

R. L. Webb, L. C. Jensen, S. C.
Langford, J. T. Dickinson

R. L. Webb, L. C. Jensen, 8. C.
Langford, J. T. Dickinson

Lynden E. Erickson, Usman Akano,
lan Mitchell, Nelson Rowell, Aiguo
Wang

K. Hilfrich, O. Schérpf, E. Nembach

R. Fabbri, F. Cembali, M. Servidori,
A. Zani

V. Privitera, V. Raineri, E. Rimini

Manabu Kitagawa, Hiroyuki
Nishikawa, Yoshimichi Ohki,
Yoshimasa Hama

U. Pietsch, H. Metzger, S. Rugel,
B. Jenichen, I. K. Robinson

Boeing Ex. 1012, p. 5 of 19
Boeing v. Regents Univ. Cal.



2388

2397

2405

2411

2415

2420

2425

2436

2440

2445

2450

2461

2471

2475

2481

2486

2494

2501

2507

2512

2517

2524

2535

Measurement of interface strength by the modified laser spallation
technique. . Experiment and simulation of the spallation process

Measurement of interface strength by the modified laser spallation
technigue. Il. Applications to metal/ceramic interfaces

Measurement of interface strength by the modified laser spaliation
technique. Ill. Experimental optimization of the stress pulse

Measurement of intrinsic stresses during growth of aluminum nitride thin
films by reactive sputter deposition

Analysis of a novel phenomenon in a solidlike structure in ovalbumin
aqueous colloids using the Yukawa potential

The 900 °C upper yield stress of Czochralski silicon sin%le crystals with
carbon concentrations of 4.0x 10 and 3.5x 10 cm~

Dynamic pore collapse in viscoplastic materials

Study of residual strains in horizontal-Bridgman-grown gallium arsenide
wafers by a high-sensitivity computer-controlled infrared polariscope

Shock-induced mechanisms of phase transformation from rhombohedral
BN to cubic BN

Infrared study and characterization of Zn diffused InP

Al-Ga interdiffusion, carbon acceptor diffusion, and hole reduction in
carbon-doped Aly ;Gag sAs/GaAs superlattices: The As, pressure effect

Simulation of the transient indiffusion-segregation process of triply
negatively charged Ga vacancies in GaAs and AlAs/GaAs superlattices

Interdiffusion study of amorphous Ni-Si muttilayer at low terhperature

Brillouin scattering by localized acoustic modes in silicon-oxynitride—
fused-silica optical waveguides

Surface segregation effects' of In in GaAs

The growth and structure of short period (001) Hg, _,Cd,Te-HgTe
superlattices

A modified Mullins-Sekerka stability analysis including surface energy
effects

X-ray diffraction characterization of ternary artificial superlattices

Surfactant-mediated growth of germanium on silicon (001) with
submonolayer coverage of Sbh and Te

Critical epitaxial thicknesses for low-temperature (20-100 °C)
Ge(001)2x 1 growth by molecular-beam epitaxy

Bulk and interface stresses in silver-nicke! multilayered thin fitms

Implantation-enhanced interdiffusion of CdTe-ZnTe heterostructures

Real-time spectroellipsometry investigation of the interaction of sitane
with a Pd thin film: Formation of palladium siticides

CONDENSED MATTER: Electrical and Magnetlc Propertles (PACS 71—76)

2543

Properties of hydrogenated amorphous silicon prepared by alternatively
repeating chemical-vapor deposition from disilane and hydrogen ptasma
treatment

(Continued)

J. Yuan, V. Gupta
V. Gupta, J. Yuan
J. Yuan, V. Gupta, A. Pronin

W. J. Meng, J. A. Sell, G."L.
Eesley, T. A. Perry

Takayoshi Matsumoto, Hiroshi
Inoue

Tetsuo Fukuda, Masaaki Koizuka

W. Tong, G. Ravichandran

Masayoshi Yamada
Toshimori Sekine, Tadao Sato

A. Borghesi, G. Guizzetti, M.
Patrini, A. Caligiore, R. C. Chen, S.
Pellegrino

H. M. You, T. Y. Tan, U. M.
Gosele, S.-T. Lee, G. E. Héfler,

K. C. Hsieh, N. Holonyzak, Jr.
Horng-Ming You, Ulrich M. Gdsele,
Teh Y. Tan

W. H. Wang, H. Y. Bai, W. K.
Wang .

R. J. van Wijk, A. F. M. Arts, H. W.
de Wijn

8. 8. Dosanjh, X. M. Zhang, D.
Sansom, J. J. Harris, M. R. Fahy,
B. A. Joyce, J. B! Clegg

C. R. Becker, L. He, M. M. Regnet,
M. M. Kraus, Y. S. Wu, G. :
Landwehr, X. F. Zhang, H. Zhang

Lei Zhang, Suresh V. Garimella

I. Goldfarb, E. Zolotoyabko, D.
Shechtman

H. J. Osten, J. Klatt, G. Lippert, E.
Bugiel, S. Higuchi

G. Xue, H. Z. Xiao, M.-A. Hasan,
J. E. Greene, H. K. Birnbaum

J. A, Ruud, A. Witvrouw, F.
Spaepen

A. Hamoudi, E. Ligeon, J. Cibert,
Le Si Dang, S. Tatarenko, G.
Feuillet, P. H. Jouneau, J. L.
Pautrat, K. Saminadayar

V. Yakovlev, B. Drévillon, N.
Layadi, P. Roca i Cabarrocas

I. Sakata, M. Yamanaka, Y.
Hayashi

Boeing Ex. 1012, p. 6 of 19
Boeing v. Regents Univ. Cal.



2550

2557

2562
2565
2572

2581

2590

2598

2605

2613

2619

2626

2633

2638

2649
2658

2665
2669

2674

2681

2686

2692

2701

2705

2719

Theoretical investigation of different formulations of the electron-plasmon
interaction under transient conditions

The role of phase-breaking processes in indirect-band tunneling barrier
structures

Feasibility of phonon-assisted electronic devices
Enhanced luminescence due to impact ionization in photodiodes

on the current mechanism in reverse-biased amorphous-silicon Schottky
Yontasts. |. Zero bias barrier heights and current transport mechanism

On the current mechanism in reverse-biased amorphous-silicon Schottky
contaéts. |l. Reverse-bias current mechanism

Electrical and microstructural characteristics of Ti contacts on (001)Si

The enhanced Stark effects of coupled quantum wells and their
application to tunable IR photodetectors

Accurate determination of majority thermai-capture ¢cross secfions of
deep impurities in p-n junctions

Optimization of charge transfer to the active channel in §-doped
heterostructures

A metal;p-n-CdTe Schottky-barrier solar cell: Photoelectrochemical
generation of a shallow p-type region in n-CdTe

A rate equation tormalism for electron and phonon dynamics in undoped
quantum wells ,

Submillimeter wave low-temperature admittance of n-GaAs and n-InP
diode structures

Characteristics of low-temperature and low-energy plasma-enhanced

chemical vapor deposited SiO,
Coulomb energy of traps in semiconductor space-charge regions

Electrical conduction in CaF, and CaF;-Al,O3 nanocomposite films on
Al,O, substrates

The nature of the hole traps in reoxidized nitrided oxide gate dielectrics

Isothermal capacitance transient spectroscopy of grain-boundary
interfacial states in Bi-doped SrTiO; ceramics  °

Dynamic properties of & superconducting quantum interference device
containing arrays of Josephson junctions .

Fabrication of YBaZCuao,;-LaOJCao_aMnOz-YBaZCuQOy coplanar junctions
and their anisotropic current-voltage characteristics ‘

Laser processing of NbzAl(Ge, Si) high-field superconductors

Magnetization reversal processes in Co-Re antiferromagnetically coupled
multilayers: A magneto-optic and Monte Carlo study

Anomalous giant magnetostriction of amorphous (SmFe,) (1—x) at. % B
(x) at. % alloy in a low magnetic field

High-field effective |inequtﬁ and eddy current losses in moderate
conductivity single-crystal M-Wpe barium héxagonal ferrite disks at 10-60
GHz : ‘

Magnetic properties and microstructures of the Nd-Fe-B system during
the hydrogenation-decomposition-desorption-recombination process

(Continued)

Nabil S. Mansour, Kevin F.
Brennan

Richard A. Morrisey, A. N.
Khondker

S. L, J. B. Khurgin
J. H. Swoger, S. J. Kovacic

K. J. B. M. Nieuwesteeg, M. van
der Veen, T. J. Vink

K. J. B. M. Nieuwesteeg, M. van
der Veen, T. J. Vink, J. M.
Shannon

H. R. Liauh, M. C. Chen, J. F.
Chen, L. J. Chen

Yimin Huang, Chenhsin Lien,
Tan-Fu Lei

A. Palma, J. A. Jimenez-Tejada, J.
Banqueri, P. Cartujo, J. E. Carceller
M. E. Lazzouni, G. T. Einevoll, L. J.
Sham

J. Richard Pugh, Duli Mao,
Ji-Guang Zhang, Michael J. Heben,
Arthur J. Nelson, Arthur J. Frank

J. L. Educato, J.-P. Leburton
Clifford M. Krowne, Peter A. Blakey

S. W. Hsieh, C. Y. Chang, S. C.
Hsu

M. Schulz

F. A. Modine, D. Lubben, J. B.
Bates

A. Mallik, J. Vasi, A. N. Chandorkar

Chiyoshi Akita, Masayuki Fujimoto,
Keniji Ito, Shigeki Shibagaki, Hideyo
Okushi, Hajime Haneda, Junzo
Tanaka

M. Darula, P. Seide!, F. Busse, S.
Beflatka

. Yoko Kanke, Masahiro Kasai,

Toshiyuki Ohno, Yuzoo Kozono

W. Schaper, R. Bormann, H. C.
Freyhardt

I. G. Trindade, P. P. Freitas
Jai-Young Kim

John R. Truedson, Kevin D.
McKinstry, Pavel Kabos, Carl E.
Patton

R. Nakayama, T: Takeshita

Boeing Ex. 1012, p. 7 of 19
Boeing v. Regents Univ. Cal.



CONDENSED MATTER: Dielectric and Optical Properties (PACS 77 —79)

2725

2731

2736

2742

2748

2752

2760

2768

271N
2779

2786

2790

2806

2810

2813

2818

2821

2830

Observation of charge behavior in multiply low-density polyethylene

Infiuence of the alloying on the vibrational properties of amorphous
silicon in the frequency range 200-450 cm~': Raman studies

Non-steady-state photoelectromotive force in semiconductor crystals with
high light absorption

Temperature dependence of the I'g,~[s. gap of GaAs

Time-resolved energy transfer and absorption bleaching measurements in
CuCl microcrystallites

Pressure dependence of photoluminescence in ordered Gag sing sP grown
on (001) GaAs by organometallic vapor phase epitaxy

Quantitative characterization of modulation-doped strained quantum wells
through line-shape analysis of room-temperature photoluminescence
spectra

The Ag/As,S; photodoping mechanism: Photon absorption

Spectroscopy of defects.in germanium-doped silica glass
Cathodoluminescence studies and finite element analysis of thermal
stresses in GaAs/Si stripes

Photoconduction of syathetic pyrite FeS, single crystals

Exciton luminescence in Si, _,Ge,/Si heterostructures grown by
molecular beam epitaxy

Effects of cluster ionization gnd acceleration on photoluminescence
specira of CdTe films grown by ionized cluster beam deposition

Normal-incidence electroabsorption in Ga,_,ALSb/AISb L-valley quantum
wells for 3-5 um optical modulation

Acoustic shear wave propagation in Paratellurite with reduced spreading
Near-blue photoluminescence of Zn-doped Ga$S single crystals

Multisite optical spectra and energy levels of trivalent thulium ions in
yttrium scandium gallium garnet

Polyimide ablation using intense laser beams

CROSS-DISCIPLINARY'PHYSIES (PACS 81—98)

2834

2841

2850

2856

Effect of rapid thermal annealing on both the stress and the bonding
states of a-SiC:H films

Effect of graphitic carbon films on diamond nucleation by
microwave-plasma-enhanced chemical-vapor deposition

Transition from relaxed to derelaxed amorphous silicon: Optical
characterization

Plasma-enhanced chemical-vapor-deposited oxide for low surface
recombination velocity and high effective lifetime in silicon

(Continued)

Ying Li, Tatsuo Takada, Hiroyuki
Miyata, Toshio Niwa

M. B. Tzolov, N. V. Tzenov, D. I.
Dimova-Malinovska
N. A. Korneev, S. . Stepanov

A

G. Oelgart, B. Orschel, M. Proctor,
D. Martin, F. Morier-Genoud, F. K.
Reinhart

P. Faller, V. Netiksis, J. 8. Grun, B.
Honerlage*

Toshihiko Kobayashi, Michiya
Ohtsuji, Rajpal S. Deol

Steven K. Brierley

S. A. Dumford, J. M.'Lavine, S. A.
Lis
Matt Gallagher, Ulf Osterberg

E. H. Lingunis, N. M. Haegel, N. H.
Karam

Ming-Yih Tsay, Ying-Sheng Huang,
Yang-Fang Chen

N. L. Rowell, J.-P. No&l, D. C.
Houghton, A. Wang, L. C.
Lenchyshyn, M. L. W. Thewalt,

D. D. Perovic

H. Akinaga, K. Ando, S. Yoshida

H. Xie, W. |. Wang, J. R. Meyer,
C. A. Hoffman, F. J. Bartoli

J. C. Kastelik, M. G. Gazalet, C.
Bruneel, E. Bridoux

Tomoyoshi Aono, Kunio Kase,
Akira Kinoshita

Michael D. Seltzer, John B. Gruber,
Marian E. Hills, Gregory J. Quaries,
Clyde A. Morrison

J. R. Sob&hart

M. A. El Khakani, M. Chaker, A.
Jean, S. Boily, H. Pépin, J. C.
Kieffer, S. C. Gujrathi

Z. Feng, K. Komvopoulos, |. G.
Brown, D. B. Bogy

R. Reitano, M. G. Grimaldi, P.
Baeri, E. Bellandi, S. Borghesi, G.
Baratta

2! Chen, S. K. Pang, K. Yasutake,
A. Rohatgi

Boeing Ex. 1012, p. 8 of 19
Boeing v. Regents Univ. Cal.



2860

2866

2870

2886

2892

2896

2900
2908
2914

2919

2925

Doping effect of buckminsterfullerene in poly(2,5-dialkoxy-p-phenylene
vinylene)

Low-temperature epitaxial growth of GaAs on on-axis (100} Si using
ionized source beam epitaxy

Transistor and physical properties of polycrystalline silicon films prepared
by infralow-pressure chemical vapor deposition

Structure and adhesion of ZrN films formed by reactive magnetron
sputtering ion plating and dynamic ion mixing

High quality undoped n-type GaSb epilayers by low-temperature
metalorganic chemical vapor deposition

lon-beam-assisted deposition of ferroelectric PbTiOg films

Threshold oscillation of an NF{a'A)/BIF visible wavelength chemical laser
High-frequency capacitive effects in resonant tunneling diodes

investigation of the enhanced efficiencies of small superconducting loop
antenna elements

Determination of bulk states and interface states distributions in
polycrystalline silicon thin-film transistors

Radio frequency pumped superconducting quantum interference devices
with two quantization loops

COMMUNICATIONS

2939

2042

2945

2948

2951
2954

2957

2959

2962

2965

2968

2971

2974

Muttiplexing superconducting quantum interface device detection coils

Epitaxial CeO, buffer layers for YBa,Cug0;_; films on sapphire

Thermal behavior of Al and Al-3 at. % Ge thin films on Si wafers

Diffusion length variation and proton damage coefficients for
InP/In,Ga, _,As/GaAs solar cells

Excitons and impurity centers in thin wires and in porous silicon
Nucleation and growth in the initial stage of metastable titanium distlicide
formation

Schottky diodes using poly(3-hexylthiophene)

Detection of particulates in a rf plasma by laser evaporation and
subsequent discharge formation

Anomalous optogalvanic line shapes of argon metastable transitions in a
hollow cathode lamp
Rupture theory of thin power-law liquid fitm

Optical probing of intermixing in GaAs-AlGaAs multiquantum wells

Theoretical analysis of gain saturation coefficients in InP-based
strained-layer quantum-well lasers

Microstructure and homogeneity in (In,Mn)As Ill-V-based diluted magnetic
semiconductor epitaxial films

(Continued)

Shigenori Morita, Shinji Kiyomatsu,
Xiao Hong Yin, Anvar A. Zakhidov,
Takanobu Noguchi, Toshihiro
Ohnishi, Katsumi Yoshino

S. J. Yun, M. C. Yoo, K. Kim

Mitsutoshi Miyasaka, Takashi
Nakazawa, Wataru toh, Ichio
Yudasaka, Hiroyuki Ohshima

S. Jin, X. Y. Wen, Z. X. Gong, Y. C.
Zhu

S. M. Chen, Y. K. Su

B. D. Qu, W. L. Zhong, K. M,
Wang, P. L. Zhang, Z. L. Wang,
W.Z. U

D. J. Benard
X. J. Lu, D. Rhodes, B. S. Perlman

S. K. Khamas, G. G. Cook, S. P.
Kingsley, R. C. Woods, N. McN.
Alford

C. A. Dimitriadis, D. H. Tassis,
N. A. Economou, A. J. Lowe

G. S. Krivoy, H. Koch

A. Leuthold, R. Wakai, G.
Hohenwarter, J. Nordman

M. Maul, B. Schulte, P. Hdussler,
G. Frank, T. Steinborn, H. Fuess,
H. Adrian

B. S. Lim, W. C. Pritchet, K. P.
Rodbell, K. N. Tu

R. K. Jain, I. Weinberg, D. J. Fiood

A. Shik
Z. Ma, Y. Xu, L. H. Allen, S. Lee

C. S. Kuo, F. G. Wakim, S. K.
Sengupta, S. K. Tripathy

W. W. Stoffels, E. Stoffels,
G. M. W. Kroesen, F. J. De Hoog

W. M. Ruyten

Chi-Chuan Hwang, Shang-Hwei
Chang

W. Seidel, E. Lugagne-Delpon, P.
Voisin, E. V. K. Rao, Ph. Krauz, F.
Alexandre

Shuniji Seki, Takayuki Yamanaka,
Kiyoyuki Yokoyama, Paul Sotirelis,
Karl Hess

S. Guha, H. Munekata

Boeing Ex. 1012, p. 9 of 19
Boeing v. Regents Univ. Cal.



2977

2980
2083

2986

2989

Strong blue light emission from an oxygen-containing Si fine structure

Elasticity of mixed silver-halide polycrystalline optical fibers

YBa,Cuz0;_; thin films and microstrip resonators on MglLaAl{;Oyg
substrates

Model of collisional sheath evolution in plasma source ion implantation

Retracing behavior of the phase-matching angle of nonlinear crystals in
optical parametric oscillators

ERRATA

2892

2993

Erratum: “X-ray diagnostics of a plasma-jet-liquid interaction in
electrothermal guns”-[J. Appl. Phys. 73, 2145 (1993)]

Cumulative Author Index

H. Morisaki, H. Hashimoto, F. W.
Ping, H. Nozawa, H. Ono

N. Barkay, A. Katzir

G. C. Xiong, G. J. Lian, X. Zhu, J.
Li, Z. Z. Gan, D. Jing, K. Shao,
H. 2. Guo

Dezhen Wang, Tengcai Ma, Xinlu
Deng

Xiang Liu, Daoqun Deng, Ming Li,
Dongsheng Guo, Zuyan Xu

.

A. Arensburg, S. Wald, S.
Goldsmjth

Boeing Ex. 1012, p. 10 of 19
Boeing v. Regents Univ. Cal.



Measurement of interface strength by the modified laser spallation
technique. I. Experiment and simulation of the spallation process

J. Yuan and V. Gupta

Thayer School of Engineering, Dartmouth College, Hanover, New Hampshire 03755
(Received 9 October 1992; accepted for publication 3 May 1993)

Part I of this paper presents the modified laser spallation technique for measuring the tensile
strength of planar interfaces, using a Doppler displacement interferometer. In this technique, a
laser-produced compressive stress pulse in the substrate, reflecting from the coating’s free
surface pulls the interface in tension and leads to its failure if the tensile amplitude is high
enough. The current technique is an improvement over the previous one, since the interface
stress is determined directly by recording the coating or substrate free-surface velocities using a
laser displacement interferometer. The recorded surface velocity is related to the interface stress
via an elastic wave equation simulation. The process of coating spallation is investigated, and the
. effect of the stress pulse profile and the coating and substrate characteristics on the interface
tensile stress is studied using the simulation. Several interface stress charts are given for wider

applicability of the modified technique.

[. INTRODUCTION

Interfaces between thin films and substrates exist in
many fields and applications, including composite materi-
als, tribology, and solid-state devices. In composites, the
interface between a thin coating and a fiber is considered’~
for deflecting impinging matrix cracks. In the field of tri-
bology, interfaces between various types of functional
(magnetic, conducting, optical, and electrical), proteciive
(thermal barrier, corrosion, and wear resistant), or deco-
rative coatings and their underlying substrates are of inter-
est. Finally, metal/ceramic interfaces are present in multi-
layer devices and magnetic disk and head technology. In
all of these applications the tensile strength of the interface
is an important property that directly controls the interface
decohesion process, and often controls the reliability of the
coated components. Both control and measurement of the
interface tensile strength are of importance in the above
applications.

Measurement of interface properties is not a new prob-
lem in thin-film and coating technology, and the literature
is replete with practical techniques*? for the measurement
of some average properties of thin films or coating inter-
faces, recently reviewed by Mittal.!® However, none of the
tests referenced above measure the strength of interfaces.
In most of the reported cases,*® part of the interface is
subjected to high stresses in an inhomogeneous deforma-
tion field. The magnitudes of these stresses need to be de-
termined through the solutions of complex boundary-value
problems of elastic and plastic deformation. While these
attempts have often given operationally useful answers, the
factor of uncertainty in them has been considerable be-
cause of the inadequacy of the solution to local deforma-
tion problems. The measurement of strength between a
substrate and a thin coating presents particular difficulties
in the application of stress by an inhomogeneous local de-
formation field, where premature failure elsewhere is likely
before the desired interface can be probed.

A laser spallation experiment was developed recently
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by one of us®>* to determine the tensile strength of planar
interfaces by overcoming the above inadequacies present in
various test methods. In this technique a high-energy laser
pulse of 3 ns duration from an Nd:YAG laser is converted
into a pressure pulse of critical amplitude and width, and
sent through the substrate toward the free surface of the
coating. The reflected tensile pulse from the coating’s free
surface pries off the coating. In the prior work,>* the crit-
ical stress amplitude which results in the removal of the
coating was determined through a computer simulation of
the process, which in turn was verified by means of piezo-
electric crystal probe that was capable of mapping out the
profile of the stress wave generated by the laser pulse. Here
we present a modified laser spallation technique to deter-
mine the tensile strength of planar interfaces, which im-
proves upon the earlier version. In the modified version,
the transient displacement and velocities of the coating
free-surface are recorded by a laser Doppler technique, and
related to the interface stress using wave mechanics, albeit
by assuming the density and the elastic modulus of the
coating. For the work presented here, the coating surface is
always free. Therefore, henceforth, the use of the words
“coating surface” implies that the surface is free.

Our results are presented in three companion articles.
In this article (Part I), we furnish the details of the mod-
ified setup and model the process of spallation by consid-
ering the elastic wave mechanics associated with the devel-
opment of the interface tensile stress. Specifically, for a
given coating and set of substrate characteristics, the effect
of the shape and amplitude of the stress pulse on the re-
sulting interface stress is determined. In Part IT we present
the observed tensile strengths and failure mechanisms of
interfaces between a pyrolytic graphite substrate and
3-pm-thick metallic coatings of Al, Nb, Cu, Cr, Sn, and Sb.
In addition, the tensile strength of interfaces between
Al,O, substrates and coatings of diamond, Nb, and SnO,
are also given. Finally, we discuss how the interface
strength of an alumina/Nb interface can be tailored by
depositing Cr and Sb interlayers of prescribed thicknesses.
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FIG. 1. Schematic of the laser Doppler displacement interferometer along
with the laser spallation setup.

In Part III, the optimal profile and amplitude of the stress
pulse generated in the modified laser setup is obtained ex-
perimentally. Stress pulses produced in an Si single-crystal
substrate are investigated with different types and thick-
nesses of the laser-absorbing films, and constraining media.
Furthermore, the effect of the substrate medium on the
stress pulse is also determined. Finally, it is shown that for
increasing laser fluences, the nature and shape of the pulse
profile is retained, indicating similar laser pulse and mate-
rial interactions within the fluence levels used in the laser
spallation experiment.

1. PREVIOUS VERSION OF THE LASER SPALLATION
EXPERIMENT

The experimental approach utilizes a planar arrange-
ment of a substrate and coating combination, as shown in
Fig. 1. Details of the sample holder are given in Refs. 2 and
3. The collimated laser pulse is made to impinge on a
1-um-thick gold film that is sandwiched between the back
surface of a substrate of interest and a fused quartz con-
fining plate, transparent to the wavelength of the laser
(Nd:YAG laser operated at 1.06 um). Gold was chosen as
the laser absorbing film. Absorption of the laser energy in
the confined gold leads to a sudden expansion of the film
which, due to the axial constraints of the assembly, leads to
the generation of a compressive shock wave directed to-
ward the test coating/substrate interface. A part of the
compressive pulse is transmitted into the coating as the
compression pulse strikes the interface. It is the reflection
from the free surface of the coating of this compressive
pulse into a tension pulse that leads to the removal of the
coating, given a sufficiently high amplitude. A key element
of the experiment was to determine the amplitude of the
interface tensile stress at the threshold laser fluence causing
the interface failure.

Previously, the approach consisted of a three-part
strategy. The first part was the development of a finite
element computer simulation of the conversion of the laser
light pulse into a pressure pulse, and of the resulting his-
tory of tensile stress which develops at the interface as the
wave is reflected from the free surface of the coating. In the
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second part of the strategy, the pressure pulses were mea-
sured in a microelectronic, piezoelectric device in which
the conditions of the computer simulation were experimen-
tally achieved. This permitted verifying and fine tuning the
computer simulation. Finally, in the third part of the strat-
egy, actual spallation experiments were carried out for sev-
eral thin coating/substrate interfaces (e.g., C/Si and
SiC/Si interfaces). The laser fluence necessary for the re-
moval of the probed portion of the coating at the interface
was recorded, and the tensile stress across the interface
that accomplished this was determined from the computer
program.

Since the interface is loaded by a stress pulse that is
external to the material system, the laser spallation exper-
iment is capable of determining the interface strength for
any thin-film interface. Although the detachment of ductile
coatings from substrates which themselves can undergo

. plastic deformation under the transient stress is readily

achieved, conversion of the threshold laser energy into in-
terface strength requires careful consideration. In the old
technique, this will require considering the change in the
stress pulse characteristics due to the plastic deformations
in the substrate and the coating in the computer simula-
tion. Such effects, although ignored initially for interfaces
involving brittle components, can be included but will in-
volve largely unknown elastic and plastic properties of the
coating and the substrate. In the modified laser spallation
experiment discussed below, since the stress pulse is mea-
sured at the coating free surface, the effect of plastically
deforming substrate and/or coating is obtained experimen-
tally. Our results on ductile Nb coatings on Al,O; sub-
strates show one such application, and is discussed in Part
IL

11l. MODIFIED LASER SPALLATION EXPERIMENT
A. Strategy

The modified version employs the same assembly as
shown in Fig. 1, but the experimental setup was modified
so as to obtain a stress pulse with highest amplitude and
smallest rise and fall times, for a given laser fluence. The
details are presented in Part III. A 0.5-um-thick Al laser
absorbing film confined by a 5-um-thick layer of solid wa-
ter glass was used in the modified setup to obtain the gen-
erated stress pulses of high amplitude and short decay
time. As before, the stress pulse is generated by a
Q-switched Nd:YAG laser pulse of 3 ns duration. The sub-
strate disks were either 12.7 or 25.4 mm in diameter and 1
mm thick. Typical test coating thickness ranged from 1 to
3 um. The laser beam was focused onto a 3-mm-diam spot.
The incident laser fluence was controlled by changing the
energy of the laser beam while keeping the illuminated area
constant.

When the stress pulse is reflected from the free surface
of the coating or the substrate, the particle at the free
surface experiences a transient velocity, which in turn is
proportional to the transient profile of the striking stress
pulse. In the modified version, the transient velocity is
measured directly by a laser Doppler velocity interferom-
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FIG. 2. Schematic of the laser Doppler velocity interferometer along with
the laser spallation setup.

eter (see Fig. 2) and also more accurately, by recording the
displacement history of the coating’s or substrate’s free
surface by a Doppler displacement interferometer. The
peak interface tensile stress generated at each level of the
laser fluence is related to the maximum compressive stress
at the free surface through a computer simulation. In this
program, a stress pulse measured at the substrate’s free
surface (measured in separate experiments) was made to
impinge at the interface from the substrate side, and the
resulting peak tensile amplitudes of the normalized stresses
at the interface and the coating’s free surface are deter-
mined. We simply take the ratios of these calculated am-
plitudes and use them as transfer coefficients to convert the
measured peak stress at the coating or the substrate free
surface to the interface peak stress. Since the generated
stress profile is similar for different laser fluence levels (see
Part III), the simple approach of using transfer coefficients
is very accurate provided the coating remains elastic. The
above procedure results in a plot of laser fluence versus the
interface stress. This information is then used to convert
the threshold laser fluence causing coating spallation to the
interface strength.

B. Recording of the transient velocity profile and
displacement history at the free surface

It is possible to measure both the free surface displace-
ment and the velocity by using the standard laser Doppler
displacement and velocity interferometers''™!* which are
used widely in the plate impact research. Since in our ex-
periment, the stress pulses were sharp (rise time <35 ns)
and produced over a small area of 7 mm?, recording of
subnanosecond displacement and velocity fringes posed a
significant challenge.

We used the displacement interferometer (Fig. 1) to
obtain the stress pulse profiles. Since the useful duration of
the stress pulses generated in the spallation experiment is
about 20 ns, only about 10 displacement fringes are pro-
duced within this duration albeit with a minimum 0.5 ns
rise time. The use of a Tektronix SCD 1000 digitizer with
a transient rise time of 5 ps, and Newport’s 877 ultrahigh
speed photodetector with a rise time of 200 ps allows us to
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FIG. 3. (a) Photodiode voltage output corresponding to the single-
crystal 8i free surface obtained by the Doppler displacement interferom-
eter. (b) Displacement as a function of time corresponding to the voltage
record in (a). (c) Stress profile striking the coating free surface ob-
tained from (b).

record such fringes with a resolution of 0.2 ns. Further-
more, our setup is capable of recording velocities to about
800 m/s. This resolution suffices for typical velocities ob-
tained in our experiments. The process used for obtaining
the stress pulse is presented in Fig. 3. Figure 3(a) shows
the photodiode voltage output corresponding to the Si
single-crystal free surface obtained by the Doppler dis-
placement interferometer shown in Fig. 1. The photodiode
output voltage amplitude [4(¢)] is recorded on a transient
digitizer and related to the fringe count f(¢) as

(Amax +Amin) (Amn —Amin)

A= 2 2

sin[27f(¢) +6],
(1)

where A, and A4,; are the maximum and minimum
fringe amplitudes, respectively, and § is a phase angle.
Once f(¢t) is determined from the above, the displacement
#(¢) can be obtained as'!

u(t) =Aof (£)/2, (2)

where Ag is the wavelength (632.8 nm) of the He-Ne laser.
Figure 3(b) corresponds to the substrate free-surface dis-
placement obtained from the fringe record of Fig. 3(a),
and finally, the stress pulse profile generated by the pulsed
laser obtained from Fig. 3(b) is shown in Fig. 3(c).
Since in our experiments we know the expected profile
of the transient surface velocity (i.e., it increases monoton-
ically to a peak value and then decays continuously to
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FIG. 4. (a) Photodiode voltage output in a velocity interferometer for Si
substrate. {b) Velocity profile obtained from the displacement fringe
record. Y

zero), it is not necessary to use the quadrature detector
used by Amery'* to determine the point at which the ve-
locity peaks. Since our setup can record fringes with high
resolution, the point at which the velocity peaks, which
corresponds to a change in the displacement fringe fre-
quency, can be detected from the detailed digitized data.
Even the most difficult case where the reversal {from de-
celeration to acceleration) information is contained within
half a fringe can be resolved. To be certain of our interpre-
tation of the displacement fringe record, we conducted a
separate experiment in which the stress pulses were pro-
duced in a Si single-crystal substrate. We first obtained the
displacement history of the Si surface, then differentiated it
to obtain the velocity profile, as shown in Fig. 4(b). Next,
we used a quasilinear velocity interferometer to determine
the velocity of the free surface at the same laser fluence at
which the displacement fringes were recorded. Since the
velocity is approximately proportional to the photodiode
output, the record shown in Fig. 4(a) corresponds to the
velocity profile. Since both curves in Fig. 4 peak at the
same time, our interpretation of the displacement fringe
record is correct. A frequency stabilized He-Ne laser was
used to obtain a clean fringe record in the Doppler exper-
imental setup since the beat frequency of the ordinary
He-Ne laser (for example, 320 MHz) is within the range of
the displacement fringe frequency.

Since the stress pulse is produced over a 7 mm? area, it
is important to align the He-Ne laser beam with the center
of the laser ablated spot. In the Doppler setup, the He-Ne
laser beam with an initial 0.6 mm diam was aligned and
focused at the center of the sample’s rear surface to a spot
of about 632.8 nm diam (equal to the laser wavelength) by
using a convex lens ( L1) (see Fig. 1). This setup measures
the peak stress amplitude even if the Nd:YAG laser pulse
shows a spatial distribution of the energy. Next, we discuss
how to obtain the interface strength through the recorded
displacement and velocity profiles.
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C. Determination of the interface strength via the
wave mechanics simulation

The ratio of the diameter of the illuminated spot
(stress pulse) to the thickness of the substrate was equal to
3. In this geometry the wave propagation within the sub-
strate can be regarded as one dimensional, without any
dispersive effects. For a material with the two Lame elastic
constants, A and u, and the constant density p, the wave
equation in each medium can be represented as:

(A+2u); 1 0u;  u; 32u *u;
o —770r (c,)—xf—;f (3)

where ¢ is the longitudinal wave velocity, # is the displace-
ment in the x direction, ¢ is the time, and / denotes the
substrate or the coating. The axial stress in the x direction
is calculated from the displacement gradients, and is ex-
pressed as

au;
o= (2p+A)i5 4)

Three boundary conditions are required. The first two en-
sure the continuity of the displacements and stresses at the
interface. The third one requires the stress at the coating
free surface to be zero.

In order to simplify the numerical analysis and to ex-
plain the spallation process clearly, it is useful to present
the equations for both the substrates and the film in a
normalized form. To accomplish this, the following dimen-
sionless variables for the coordinate (y), displacement
(®), time (7), and stress (2), are introduced:

X u t s ’ o 5

X_xo’ Y T—to’ T (A42p)° )
where the subscript s refers to the substrate and x;, ¢, are,
respectively, the fundamental units of displacement and
time defined as xo=1/,/50 and ty,=A/c,. Where /,, A, and
¢, are the length of the stress pulse in the substrate, the
thickness of the coating and the longitudinal wave velocity
in the substrate, respectively.

In the normalized coordinates, the corresponding wave
equation becomes

azq> Fo;
Hige =27 ©

where the subscript 7 refers to both the substrate and the
coating. In the above, the material constant H; is defined as

H=(c)*/(c,)? (7

and, correspondingly, the equation for the normalized
stress becomes
aP; Pi
2i=BiHi"5; , ﬁ,-—;s-
Thus, H;=p,=1.0 in the substrate.
Equations (6)-(8) with the appropriate boundary
conditions were solved by using a finite difference ap-
proach. The finite difference method was chosen because of
its good stability and short processing time requirement.

(8)
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To model the geometry, 15000 nodes were used in the
substrate. Various thicknesses of the coating were obtained
by choosing the number of nodes (10-2500). The stress
profile obtained from the free surface of a substrate or a
coating (measured separately) is used as an input to the
above equations. The experimentally measured stress pro-
file is normalized to a unity peak compressive stress. The
normalized displacement profile is obtained by integrating
Eq. (8) with H;=8;=1 (i.e.,, {=s), and by applying the
following equation:

D;(x,) =Pi(t)cs. (9)

This displacement profile is represented by 15 000 nodes in
the substrate. When expressed in normalized coordinates,
the normalized displacement profile serves as an input to
the set of Egs. (6) and (8) with the appropriate values of
H; and B, for the nodes representing the coating. Further-
more, the coating thickness was represented in normalized
units of /,/50, with [, as the length of the stress pulse in the
substrate,

Two transfer coefficients were defined to convert the
stress at the free surface into the interface stress. Transfer
coefficient I is the ratio of the peak tensile stress at the
interface to the maximum compressive stress in the sub-
strate, while transfer coefficient II is the ratio of the peak
tensile stress at the interface to the maximum compressive
stress at the free coating surface. Both transfer coefficients
can be determined by obtaining appropriate values of the
normalized stresses through the above simulation. When
the stress profile is obtained experimentally from the free
surface of the substrate in a separate experiment, the inter-
face stress can be determined by multiplying the maximum
compressive stress by the transfer coefficient I; otherwise, if
the stress profile is obtained experimentally at the free coat-
ing surface, the interface stress can be determined by mul-
tiplying the maximum compressive stress by the transfer
coefficient II. For wider applicability of the modified tech-
nique, the transfer coefficient charts for various values of j;
and H, are given in Sec. IVB. A series of experiments
with different laser fluences were performed in this way,
resulting in a plot of the laser fluence versus the interface
stress. Finally, the interface strength is determined by find-
ing the interface strength at the threshold laser fiuence
causing coating spallation. Applications of the modified
laser spallation experiment are given in Part II. Next, we
numerically study the mechanics of interface stress
buildup.

IV. NUMERICAL STUDY OF THE SPALLATION
PROCESS

A. Mechanics of interface stress buildup

The discussion so far does not give a detailed under-
standing of the coating spallation process. A full under-
standing can be reached only through a computer simula-
tion of the stress wave profiles as a function of time in the
vicinity of the interface. In addition, in the laser spallation
experiment, it is desirable to maximize the interface stress
for a given laser fluence and an interface system in order to
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FIG. 5. Process of the spallation for H;=0.5 and 8,=1.0. (a) Several
snapshots of the normalized stress pulses as they propagate through the
coating and the substrate. (b) The normalized stress histories at the
interface and at the free coating surface as functions of time.

spall coatings from interfaces with high tensile strengths.
To achieve this goal, the sensitivity of the peak interface
stress to the properties and thickness of the test coating,
properties of the substrate, and amplitude and sharpness of
the laser-produced stress pulse was explored.

Figure 5(a) shows several snapshots of the normalized
stress pulses as they propagate through the coating and the
substrate, while Fig, 5(b) shows the normalized stress his-
tories at the interface, and that striking the free coating
surface, both as functions of time. Figure 5 corresponds to
a case of a softer coating (relative to the substrate) with
normalized parameters, H;=0.5 and §;=1.0. In this simu-
lation, the shape of the normalized stress pulses used are
similar to those obtained experimentally [see Fig. 3(c)], in
contrast to the work of Nutt.'”> The normalized incident
stress is assigned a unit maximum compressive stress for
convenience. A positive value of the stress corresponds to a
tensile stress. Here, the term “‘stress striking the free coat-
ing surface” is used to indicate that the stress is calculated
through the velocity of the free surface even though the
stress at the free surface is always zero.

In Fig. 5(a), the stress profile at ¢, is an input to the
computer program, while the stress profiles at 7, result
after the reflection from the interface. The arrows indicate
the propagation direction of the stress waves. The first re-

J. Yuan and V. Gupta 2392

Boeing Ex. 1012, p. 15 of 19
Boeing v. Regents Univ. Cal.



flection occurs at the interface with a tensile amplitude for
the case H;=0.5. Consequently, the transmitted compres-
sion stress in the coating is lower. The corresponding sim-
ulation for stiffer coating (H;=2.0; B;=1.0) yielded a
transmitted compressive pulse in the coating which has a
higher amplitude than the incident pulse. At time #,, the
wave front reaches the free coating surface. When the max-
imum compressive stress is reflected from the free surface,
the tensile stress appears. It can be seen that even though
the stress near the free surface already becomes positive at
t; the tail part of the stress profile still remains compres-
sive, suggesting that a sharper post-peak decay will en-
hance the interface tensile stress.

The most important feature to note in Fig. 5 is that the
stresses striking the free coating surface have similar
shapes to the incident pulse profile, although with different
amplitudes. This was also seen experimentally. The details
are given in Part II. This supports the procedure for ob-
taining the interface strength discussed in Sec. III C, where
the ratio of the highest compressive stress striking the coat-
ing surface to the highest interface tensile stress was used
as the transfer coefficient II to convert the experimentally
measured free surface stress to the interface stress. As ex-
pected the transfer coefficients are strongly influenced by
the properties of the materials and are discussed next.

B. Influence of various variables on the interface
stress: Interface transfer coefficients

1. Effect of the material properties

Figures 6(a), 7(a), and 8(a) give the values of transfer
coefficient I with different coating thicknesses. The higher
transfer coefficient I means that the higher interface stress
can be achieved for a given incident stress profile. Further-
more Figs. 6(b), 7(b), and 8(b) show the values of trans-
fer coefficient IT as a function of the normalized coating
thickness. Each interface system is characterized by the
material parameters H; and ;. In Figs. 6-8, H;=1 corre-
sponds to the stress within the substrate at different depths
from the free surface. It should be noted that the normal-
ized coating thickness is of identical scale to that of Fig.
5(a), which means that 1.0 unit of the normalized coating
thickness represents the coating thickness in Fig. 5(a).

The interface transfer coefficient charts should be used
in the following way. For a measured substrate pulse pro-
file, the length of the pulse should be scaled to fit the profile
of the pulse shown in Fig. 5(a). If this can be achieved
then the length-scaling parameter when divided by 350
serves as the fundamental unit of length, to be used to
represent the coating thickness in normalized units. For
the normalized coating thickness, the transfer coefficients
can be read from Figs. 6-8. However, if no scaling param-
eter can be found to fit the measured stress profile of Fig.
5(a), the transfer coefficients given here cannot be used.
Instead, the set of equations should be solved for the new
pulse profile.

1t is impossible to provide the transfer function coeffi-
cients for an exhaustive set of the interface systems char-
acterized by the parameters H; and ;. Here we provide
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FIG. 6. Influence of the coating and substrate characteristics on the
interface stress for 8;=1.0. (a) Transfer coefficient I. (b) Transfer coef-
ficient II.

charts for three values of B; equal to 0.2, 1.0, and 5.0, with
H, varying from 0.1 to 9. This combination of H; and B;
covers a wide range of stiff and soft coatings relative to the
substrate material. First, consider the case with §;=1, as
shown in Fig. 6. Generally, the transfer coefficients in-
crease with the coating thickness since the increased coat-
ing thickness minimizes the destructive interference be-
tween the initial compressive pulse and the reflected tensile
pulse at the interface.

For transfer coefficient II, all values of H, reveal an
increase in transfer coefficient II as H; declines. The declin-
ing H; values correspond to an increasingly softer coating,
which results in a transmitted amplitude lower than the
incident pulse impinging at the interface from the substrate
side, and consequently to a higher transfer coefficient IL
Within the thickness of interest (actual coating thicknesses
in our experiments are less than 2.5 of the normalized
coating thickness), the difference in transfer coefficient II
for the various H; values is enormous: the transfer coeffi-
cient II equals 1.1 for H;=0.1, whereas it is only 0.05 for
H;=9.0 at 1.0 of the normalized coating thickness. This
can be explained physically as above since the higher H;
values (stiffer coating relative to the substrate) give the
higher compressive stress pulse striking the free coating
surface. Interestingly, the value of transfer coefficient II is
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FIG. 7. Influence of the coating and substrate characteristics on the
interface stress for 8,=>5.0. (2) Transfer coefficient I. (b) Transfer co-
efficient II.

larger than 1.0 when H; is equal to and larger than 0.5 for
some ranges of the coating thickness. Therefore, for such
combinations of elastic and geometric properties, the stress
at the interface can be higher than the peak compressive
stress amplitude striking the free surface.

When f; is not equal to 1, i.e., the coating and the
substrate do not have the same densities, the results are
quite different. The transfer coefficients corresponding to
the two cases, §;=5.0 and 0.2, are given in Figs. 7 and 8,
respectively. The profile of the generated stress pulse in the
given substrate remains similar (except for its amplitude)
within the range of the laser fluences used in the experi-
ment, therefore the same chart can be used at different
laser fluence levels, aithough for the same normalized pulse
profile here, as shown in Fig. 5.

2. Effect of the sharpness and shape of the stress
pulse

The peak tensile stress is also affected by the rise and
fall times of the substrate stress pulse. As discussed above,
the interface stress reduces as the thickness of the coating
decreases. For applications to thin coating interfaces (with
coating thickness less than 0.1 gm), it is of interest to see
if the interface stress can be enhanced by shortening the
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FIG. 8. Influence of the coating and substrate characteristics on the
interface stress for 8;=0.2. (a) Transfer coefficient I. (b) Transfer co-
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stress pulse rise and fall times. This is studied in this sec-
tion, and the details of how an optimal pulse profile can be
obtained experimentally are discussed in Part III.

For an investigation of the effect of the sharpness and
shape of the stress pulse, we considered a series of special
stress waves, which are shown in Fig. 9(a), and deter-
mined the values of transfer coefficient I as a function of
the normalized coating thickness. Stress pulse 1 is the same
as that used above. Stress pulse 2 has a sharper post-peak
decay, while stress pulse 3 has identical rise and decay
times to that of a typical Nd:YAG laser heating pulse. The
comparison of the interface stress generated by pulses 1, 2,
and 3 reveal that the effect of the post-peak decay time,
whereas the effect of the rise time should be clear by com-
paring the stresses due to the pulses 3 and 4, which have
the same fall time, but very different rise times.

Figures 9(b) and 9(c) show the change in transfer
coefficient I with normalized coating thickness for different
stress pulses at H;=0.1 and H;=5.0 for 8;=1. The transfer
coefficient I is used because it is actually the normalized
interface stress for a given stress profile. The results in Fig.
9 indicate that the post-peak decay times significantly in-
fluence transfer coefficient I or the interface stress. The
enhancement depends on the coating thickness and the H;
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FIG. 9. Effect of the sharpness and shape of the stress pulse on the
interface stress. (a) The specially designed stress waves. (b) Transfer
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value. Curves for stress pulse 1 and 2 in Fig. 9(b) show
that even a small alteration in the sharpness of the fall side
can create an enhancement of up to 10% of the normalized
interface stress.

The interface stress due to pulses 3 and 4 shows no
increase at high H; value and a small increase at low H;
values for thin coatings. Therefore, a sharper post-peak fall
time of the stress profile is more significant in enhancing
the interface stress for thin coatings than a shorter rise time
pulse.

V. DISCUSSION AND CONCLUSIONS

We have described a modified laser spallation experi-
ment to measure the tensile strength of thin-film interfaces.
The current technique is an improvement over an earlier
version since the interface tensile strength is determined
directly by using a Doppler displacement interferometer.
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Since the transient velocity can be measured at either
the free substrate surface or the free coating surface, it is
also possible to decide which free surface should be used
for the most efficient usage of the Doppler interferometers.
In case the maximum amplitude at the free substrate sur-
face is beyond the highest resolution of the Doppler dis-
placement interferometer, the signal can be picked up at
the free coating surface for softer coatings. Similarly, for
stiff coatings, when the coating’s free-surface velocity is
beyond the resolution limit of the interferometer, the sub-
strate’s free surface can be used to record the velocity.
Similar strategies can be used when the velocities are lower
than the sensitivity limit of the interferometer. In addition,
the free surface of the substrate is chosen if it has good
reflective properties. For systems involving rough sub-
strates and coatings (e.g., polycrystalline alumina), the
standard Doppler displacement interferometer cannot be
used to record the free-surface velocity profiles. For such
cases, a WAMI'! interferometer can be used to obtain the
free-surface velocities.

In the modified version, the stress striking the free sur-
face can be determined experimentally without considering
how the stress is generated through the complicated, non-
linear, laser-material interactions, especially when liquid
columns are used as the constraining media (see Part I1I).
This unique feature allows us to find the effect of the ex-
perimental conditions on stress pulse shape and amplitude,
which (as shown in Part III) leads to hitherto unreported
stress pulse profiles with 1.14 ns rise times and with no
post-peak decay tail. The stress becomes zero at 17-20 ns.

The numerical simulation of the wave mechanics asso-
ciated with the building up of the tensile interface stress
indicate that despite stress pulse length in considerable ex-
cess of the coating thickness (20-30 times!), the profile of
the transient pulse remarkably generates sufficient interface
tensile stress to produce spallation. Indeed, as shown in
Part 11, the technique has been used successfully in several
substrate/coating systems with a maximum coating thick-
ness of only 3 pm.

As discussed in Sec. IV, the properties and the thick-
ness of the substrate/coating system, and the amplitude
and sharpness of the stress pulse generated by the laser
pulse determine the amplitude of the interface tensile
stress, which can be determined through the transfer coef-
ficient I in Figs. 6(a), 7(a), and 8(a). Finally, it was found
that the interface tensile stress is less sensitive to the rise
time of the substrate stress pulse and very sensitive to the
post-peak decay characteristics of the pulse. As shown by
our experimental pulse optimization results in Part III, it is
possible to change the post-peak decay significantly while
the stress pulse rise time is almost fixed by the rise time of
the Nd:YAG laser pulse.
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