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Laser-induced thin film spallation experiments have been previously developed to characterize the intrinsic interfa-
cial strength of thin films. In order to gain insights of atomic level thin film debonding processes and the interfacial
strength dependence on film/substrate lattice structures, in this study, molecular dynamics simulations of thin film
interfacial failure under laser-induced stresswaveswere performed. Various loading amplitudes andpulsedurations
were employed to identify the optimum simulation condition. Stress propagation as a function of timewas revealed
in conjunction with the interface structures. Parametric studies confirmed that while the interfacial strength be-
tween a thin film and a substrate does not depend on the film thickness and the duration of the laser pulse, a thicker
film and a shorter duration do provide advantage to effectively load the interface to failure.With the optimized sim-
ulation condition, further studies were focused on bulk Au/Au bi-crystals with mismatched orientations, and Ni/Al,
Cu/Al, Cu/Ag and Cu/Au bi-crystalswithmismatched lattices. The interfacial strengthwas found to decreasewith in-
creasing orientation mismatch and lattice mismatch but more significantly dominated by the bonding elements'
atomic structure and valence electron occupancy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Thin film plays an increasingly important role in micro/nano-electro-
mechanical systems for various technological applications. For design and
applications of thin film devices, it is crucial to understand the fundamen-
tal governingmechanisms of the interfacial strength and failure structure.
Introduced by Yang [1] andVossen [2], and further developed byGupta et
al. [3–5],Wang et al. [6–9], laser-induced thin film spallation experiments
have been proved to be a versatile technique to characterize the intrinsic
interfacial strength of thin films under tensile [1–7], mixed-mode [8,9]
and pure-shear loading [10]. Fig. 1(a) shows the schematic of the tensile
laser spallation experiment, in which a high-energy laser pulse is im-
pinged on a thin absorbing layer confined between the back surface of
the substrate and a confining material. Upon absorbing the laser energy,
the sudden expansion of the confined layer generates a high-amplitude
compressive stress wave directed towards the test film. When the com-
pressive stress wave reaches the free surface of the test film, it becomes
a tensile wave that loads the film-substrate interface in tension. Provided
with sufficiently high laser pulse energy, the tensile interfacial stress
could cause delamination failure of the film-substrate interface. By mea-
suring the free surface displacement of the test film at the onset of inter-
facial failure, the intrinsic strength of the film–substrate interface can be
inferred using elastic wave theory.

While laser spallation technique has been very versatile for experi-
mentally measuring the interfacial strength of a variety of material

systems [11–15], the short duration of the stress wave presents chal-
lenges in directly visualizing the stress wave propagation and the interfa-
cial failure evolution. Various numerical simulations havebeenperformed
to study the fundamental mechanisms of the laser shock induced
deformation. Numerical simulation is particularly beneficial in cases that
important processes occur at the extreme conditions or inaccessible for
direct experimental investigation. Finite element simulation has been
used mostly to investigate laser induced surface ablation [16] and inter-
face debonding [17–20]. In recent years, molecular dynamics (MD)
simulations have been widely adopted to enhance the understand-
ing of fundamental physical phenomena, to capture detailed defor-
mation of material deformation in short time and to reveal the
dislocation activities. MD methods have been widely used for study
of various basic mechanisms of laser shock compression [21], surface
ablation [22], cluster aggregations and molecular ejections excited
by pulse lasers in the recent past [23,24]. These results can contribute
to better understanding of interactive dynamic behaviors in atomic scale
between the laser andmaterials, and the deformationmechanisms inma-
terials. However, the interfacial strength dependence and the thin film/
substrate debonding structure dependence on different types of interface
structures have not been fully investigated. Furthermore,while numerous
MD simulations of tension tests [25,26] have been performed to study the
debonding features and interfacial strength of double material interfaces,
the investigation of stress wave induced interfacial failure has not been
studied yet.

In order to gain insights of the thin film debonding processes and the
interfacial strength dependence on film/substrate lattice mismatch and
orientation mismatch, in this study, MD simulations of stress wave
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induced thin film interfacial failure were carried out. In the laser-induced
thin film spallation experiments such as those by Wang et al. [6–9], high
energy laser pulses were applied, which led to the subsequent thermal
expansion of the absorbing layer to generate compressive stress waves.
In the current study, since the primary interest is in the stress wave prop-
agation and the interfacial failure process of thin film/substrate interface
of different orientation and lattice mismatch, the mechanisms of stress
generation from the deposited laser energy were omitted. Fig. 1(b)
shows the schematic of the MD model for this study. A time-dependent
spatially uniform loading was applied on the film/substrate system. The
load function took a similar form to that measured by experiment but
with a shorter timescale. In this case, the major simulation problem
became the investigation of a high strain-rate and time-dependent com-
pressive stress wave-induced thin film/substrate interfacial failure. Vari-
ous loading amplitudes and pulse durations were employed to
characterize the dynamic behaviors of the interfaces. Stress propaga-
tion as a function of time was investigated in conjunction with the
interface structures in order to reveal the fundamental mechanisms
of thin film interfacial debonding process. The interfacial strength
dependence on orientation mismatch was investigated by using Au bi-
crystals with different grain orientations, while Cu/Al, Cu/Ag, Cu/Au and
Ni/Al bi-materials were used as the film/substrate in lattice mismatch
cases. In materials that contain pre-existing defects or plastic deforma-
tions, the interaction betweendislocations and interface also plays impor-
tant role in interfacial strength [27]. However, in this study, pure elastic
deformation is involved during the stress propagation before the interfa-
cial failure. Thus, effect from interaction between dislocations and the in-
terfaces is not considered. In both the orientation mismatch and lattice
mismatch studies, compressive loadwith varyingmagnitudewas applied
to the substrate surfacewhich is away from thefilm. It is aimed tofind the
minimumcompressive load that induces the interfacial failure, so that the
interfacial strength can be calculated accordingly.

2. Simulation methods

In the following work, numerical experiments of interfacial structure
behaviors under the excitation by short duration compressive stress
waveswere carried out viaMD simulation. In this approach, the film/sub-
strate system consists of two blocks as illustrated in Fig. 2. Thin film/sub-
strate models (where the substrate thickness is about six times of film
thickness) were used for parametric studies to find out the optimal simu-
lation condition and the two bulk systems (where the film and substrate
have similar thickness) were used for interfacial strength dependence
study based on the parametric study result. The atomic views shown in
the figures are x–z cross-sections. Centrosymmetry parameter method
[28] was used to visualize the local lattice disorder around an atom in
Fig. 2(a) and (b). Different colors were assigned to atoms according to
their range of the centrosymmetry parameter. The blue atoms represent
perfect lattice structures, while atoms with other colors represent

dislocations formed in the grain boundary. The interfaces formed during
simulation can be observed clearly between the film and substrate as in
Fig. 2(a) and (b). In Fig. 2(c) and (d), the different colors of atoms repre-
sent different types of atoms. In simulations, the z direction is normal to
the interface and is the direction of the prescribed displacement as well.
Periodic boundary conditions (PBC) were applied in lateral x and y direc-
tions, while in the loading z direction the boundary was fixed. In order to
achieve an equilibrium configuration, energy minimization with conju-
gate gradient method [29] was first applied, by holding the top and bot-
tom surfaces along the z direction fixed. The structure was then
annealed at a temperature of 300 K and relaxed. After the relaxation,
the top surface of the structure was fixed, and a one-dimensional
time-dependent compressive load was applied onto the bottom surface
of the structure. The one-dimensional compressive load F(t) has a Gauss-
ian distribution and can be expressed by:

Fz tð Þ ¼ Fmax exp −2
t−t0ð Þ2
T2

( )
ð1Þ

where T is theperiod of theGaussiandistributed stresswave, t0 is the time
shift, Fmax is the peak value of the stress wave, ranging from 0.1 to 0.4 nN.
Different T-values indicate different durations of the applied Gaussian
stress wave pulse. In simulation, the time shift value and the loading
duration change accordingly with the loading period T. For example, the
whole Gaussian distributed wave has a t0 = 1.5 ps for T = 1 ps, and
the loading lasts for 3 ps in total.

Parametric study of the thinfilm/substrate systemwas conductedfirst
with the goal to investigate the effect of the film thickness and the dura-
tion of the stresswave pulses. Au/Au bi-crystalmodel (Fig. 2(a))with ori-
entation mismatch [001]/[111] and Cu[001]/Al[001] model (Fig. 2(b))
were chosen for these studies, with total model size around 8 nm ×
8 nm × 24 nm in x, y and z directions. In film thickness effect studies,
film thickness was varied from 15 Å to 40 Å. Various amplitude stress
waves were applied to induce the interface failure. Different durations
of the stress wave pulse have different wavelengths, and large wave-
length induces difficulty to interfacial failure for films with small thick-
nesses due to cancellation between the incident compressive stress
wave and the reflected tensile stress wave. Various stress wave duration
(T), ranging from 0.1 ps to 3 ps, were applied in our study.

Basedon thefindings from theparametric study, bi-crystalswere used
to study the effect of the orientation and lattice mismatch on interfacial
strength. For orientation mismatch, Au bi-crystals were constructed
with different grain orientations. The orientation mismatch between the
two blocks forms a grain boundary. Fig. 2(c) shows one representative
simulation structure of an Au bi-crystal with gain boundary normal (z di-
rection) oriented in [001] and [111] respectively. In order to study the in-
terfacial strength relation with orientation mismatch, three different Au
bi-crystals with grain boundary normal (z direction) in [001]/[110],

Fig. 1. (a) Schematic of laser-induced thin film spallation experiment; (b) Schematic of the MD model used in this study.
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