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Abstract The meial thiii filrn delamination along metal/ ceramic interface in the case of large scale
yielding is studied by employing the strain gradient plasticity theory and the material microscale effects
are considered. Two different fracture process models are used in this study to describe the nonlinear
delamination phenomena for metal thin films. A set of experiments have been done on the mechanism
of copper films delaminating from silica substrates, based on which the peak interface separation stress
and the micro-length scale of material, as well as the dislocation-free zone size are predicted.
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The thin film delamination is the main failing mechanism for the integrated blocks of the mi-
croelectronic devices and the microelectronic packaging, inducing considerable economic losses in
industries and manufacturing. Therefore, for a long time it has attracted much attention in both

[1, 2] Recently, some new and important phenomena

realms of mechanics and material science
have been observed, especially in crack propagation along the interface of a metal/ceramic sys-
tem. These phenomena cannot be explained by the conventional elastic-plastic theory. For exam-
ple, the peak separation stress ahead of an interface crack tip and at the micron level has been
observed to be many times as high as the yielding siress of metal material in a crack propagation
along the metal/ ceramic interface’> . However, the corresponding value is only 3 or 4 times that
of the yielding stress according to the classical elastic-plastic theory“’ 5} Inref. [5], the non-
linear delamination for thin films has been studied in detail by using the conventional elastic-plas-
tic theory. The result shows that the peak separation stress during film delaminating can never
surpass 4 times the yielding stress. The new phenomena are a challenge to the effective scope of
conventional elastic-plastic theory. Therefore, the research on thin film delaminating is of both e-
conomic and scientific significance.

Recently, some new strain gradient plasticity theory has been advanced. This theory takes
into consideration the material microscale effects in its complete and rigorous theoretical frame!®! .
In the new theory, the strain gradient terms are matched with the classical strain terms by intro-
ducing a length scale. The length scale characterizes the strain gradient strength on the material
points. Experiments on the micro-bendingm and the micro-indentation'®’ show that the length
scale ranges 0.1—5 pm, so it is often called micro-length scale. In ref. [9], the strain gradient
incremental theory has been further developed, and used to study the steady-state crack growth in
mode I. The result shows that the peak interface separation siress ahead of crack tip can reach a
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value over ten times the material yielding stress.

In the present study, the metal thin film delamination along the interface of metal/ceramic is
analyzed by employing the incremental theory of strain gradient plasticity and considering the mi-
croscale effects. Two models of fracture process frequently used in the elastic-plastic fracture re-
searches are adopted: the embedded process zone model (EPZ model)!1%) and the dislocation-free
zone model (SSV model)!'"). F inally, by fitting the analysis results to the experimental ones on
the Cu/SiO, bonded system, the peak separation stress near interface crack tip, the micro-length

scale, and the dislocation-free zone thickness are predicted .
1 Fundamental descriptions of thin film delaminatior:

For the metal thin film del=inination in ths meial/ccramic bonded system, the metal thin
film and the ceramic substrate can he treated as an elastic-plastic material and elastic material ,
respectively. The delaminaiion of a thin film (or interface crack growth) is caused by its own

residue stress ( op). In the case of the steady-state interface crack growth a frequently dis-
cussed and concerned case, an active plastic zone is produced near the crack tip and moves for-
ward with it. An unloading zone is formed and swept by the active plastic zone, as shown in fig.
1(a). In the case of plane strain, the total energy per unit length of crack advance (energy re-
lease rate) during the thin film delaminating can be expressed as
G.. = 1-—02 ’_wé (1)

T2 E”’
where E and v are Young’s modulus and Poisson’s ratio for the metal thin film, respectively.
Generally, in the analysis of the elastic-plastic crack growth, two fracture process models, i.e.
EPZ model and SSV model, are used. These models are sketched in fig. 1(b). The energy re-
lease rate can be separated into two parts in the analysis by employing these models

Geiv = I'o + T'p, (2)
where Iy is the interface fracture toughness (or interface crack separation energy) and I p is the
sum energy dissipated by the nonlinear deformations, including a part absorbed by active plastic
zone and the other part dissipated in unloading zone.
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Fig. 1. (a) Delamination of the metal thin film/ceramic bonding system. Active plastic zone
and unloading zone; (b) two models ( EPZ model and S3V model) commonly used to study elas-
tic-plastic crack growth (o is the peak separation stress near the crack tip) .

1.1 EPZ model
The relation between the cohesive force (or separation stress) and the crack opening dis-
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placement in fracture process zone is sketched in fig. 1(b). A single dimensionless separation
measure describing the crack opening displacements in a fracture process zone is defined as

A=/ (8./85) + (8,/80)7, (3)

where 0, and &, are normal and tangential relative opening displacements at crack faces, respec-

tively. Let &7 and & denote the critical values of correspondent components. Then A = 1 corre-
sponds to the critical state of interface crack growth. A potential defined as''?’

A
&(8,,8,) = SZJOJ(A')dA’ (4)

is used to derive the normal and tangential comporenis of 7he traction acting on the interface in
the fracture process zone. The relations are given by

o L2 a0 _ a(d) 8 O
ln' 88n N A azyrt—aatz A 85 !c- (5)

When A =1, from {(4) and fig. 1(b), the fracture toughness is obtained
Iy = (1/2)605(1 + A5 — A,). (6)

In finite element calculation, we usually take 6% = 8. According to previous researches!'? 1,

the model parameters (A,,A,) are insensitive to the final results. So in this research we take A,
=0.15 and A, =0.5. Therefore, there are two important and independent parameters for EPZ
model, (I'y, o). Another important parameter 8, in EPZ model can be expressed by the above
two independent parameters of (6) .

1.2  SSV model

For SSV model, as shown in fig. 1(b), the fracture toughness I'y can be determined by
calculating the J-integral. The integration paths are taken within the dislocation-free layer and ar-
round crack tip. There are also two important and independent parameters for SSV model, namely

(PQ, t).

1.3 Relationship between energy and parameters in thin film delaminating

To reduce the number of parameters involved in the present research, the effect of the mod-
ulus mismatch between thin film and substrate is neglected, so we let E, = E and v, = v. The
tensile stress-strain relation is taken as

e = o/E, foro < oy; € = (oy/E)(s/0y)", for o > oy, (7

where N is the strain-hardening exponent and oy the yielding siress. For metal thin film, the
residue stress oy is equal to the material yielding stress oy'2). Therefore, the relation between
the normalized energy and parameters (including the material parameters, model parameters and
micro-length scale parameter) can be written as

Gern 1 h (E o l)
T = =fl—, v, N, =, 3 for EPZ model) ,
Ty = enie =Moy' V0 Vo oo y)  (for EPZ model)
E t 1
=g(GY, v, N, Ry Ro) (for SSV model), (8)
where a characteristic length scale
ET
R, 2 (9)

= 3x(1 - v?) ol
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is defined, and its value is roughly equal to the height of active plastic zone in the small scale
vielding case; I is micro-length scale defined in the strain gradient plasticity theory; h is the
thickness of thin film. A detailed expression for energy-parameter relation (8) can be obtained
through application of the incremental theory of strain gradient plasticity to the thin film delamina-
tion analysis.

For a detailed description of the strain gradient plasticity and its increment theory, the read-

er may refer to refs. (6, 9].

2 Numerical method for steady-state delaminaticn

Consider the case where a semi-infinite lergh crack lies along the interface between a metal
thin film and a ceramic substrate anc propagates in steady-siate. Because the strain gradient in-
cremental constibrtive eqvations ave rate-independent, they can be transformed into a set of partial
differentia! equaticns in full quantity form within the active plastic zone and a set of the linear

[13] . In

stress-strain relations in full quantity form also within the elastic and unloading region
fact, for crack growth in steady state, any field variables appearing in rate form can be expressed

as (taking plastic strain tensor as an example here)

€,‘j = - aaxl’ (10)

where a is the velocity of crack growth and x, is a coordinate embedded on the crack tip and
moving forward with it. Substituting all such relations as (10) into the incremental constitutive
equations, the partial differential equations with respect to x; are obtained, which characterize
the stress-strain relation within the active plastic zone and are independent of the crack advance
velocity a .

The finite element method is used to solve the partial differential equations numerically. An
effective approach is to design a special element strip in x, direction with constant height within
the active plastic zone and unloading zone in order to make integration with respect to %, in the it-
erating and solving procedure. In strain gradient plasticity theory, since the second order dis-
placement-derivative terms (or strain gradient terms) are included, generally speaking, the con-
ventional finite element method based on the displacement continuous at nodes is no longer valid,
and a compatible pure-derivative element is needed. However, for mode I crack growth in plastic
case, a satisfactory result has been reached by adopting the isoparametric displacement element

with nine nodes!?]

. But in the case of thin film elastic plastic delamination the mode mixing ¥y,
of stresses at crack tip tends to 0° (mode I case )very quickly with an increase in ¢/ay(for EPZ
model) or Ro/¢ (for SSV model) . Therefore, in the present study the isoparametric displacement
element with nine-nodes is employed and the 2 X 2 Gauss specimen points are selected to inte-

grate equations in the entire material region.

3 Results and discussions

Consider a copper thin film. The related material parameters are taken as E/oy =300, v =
0.3, N=0.1. The variations in normalized energy G,/ Iy with the increase in model parame-
ters ¢ /oy (for EPZ model) and Ro/t (for SSV model), as well as the micro-length scale /R,
are investigated here. G,/ I, is the ratio of the total energy per unit length of crack advance to
the interface fracture toughness during thin film delamination. Through application of the analysis
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results to the experiment for Cu/SiO;, the model parameters (o, ¢, 1) are predicted.
The shape and size of the active plastic zone 1.0

near the interface crack tip are calculated and shown Eloy=300,v=0.3, N =0.1
in fig. 2. In these calculations, both EPZ model and  08f R
SSV model are adopted and quite similar results are A
obtained, so only the EPZ model results are shown in ~ *6]
the figure. The results of a typical strain gradient s
case (I/Ry=0.3) and the conventional case (1/R, 04r
=0) are given for comparison. By fig. 2, the strain 024 g
gradient effect is insignificant, and the active plastic G S
zone size exceeds half of the thir flru layer thick- (;_(,L '/’ s :
-1.0 -0.5 0.0 0.5 1.0 20

ness. Therefore, the mctal thin D delaminaiicn oc-
curs in a large scale yielding case. h

The variariuns ‘n normalized energy with the in- Fig. 2. Active plastic zone near interface crack tip.
creases in the peak separation stress (g /gy) for dif- —» [/Ry=0.0, -, =0.3. 5/0y=3.5.
ferent values of micro-length scale from EPZ model
are given in fig. 3(a). 6/0y rises as micro-length scale increases (i.e. as strain gradient
strength increases) . For example, when normalized energy is equal to ten and [/Ry=1.0, ¢/
oy increases by about 2.5 times that predicted from conventional theory. The larger the peak in-
terface separation stress, the larger the critical energy release rate G is obtained and the larger
the critical thin film thickness h.y is reached from (8), when residue stress in thin film is kept
constant (fig. 3(a)).

The variations in normalized energy with the decrease in the dislocation-free zone thickness
(t) for several different values of micro-length scale from SSV model are shown in fig. 3(b).
Evidently, the results obtained from both EPZ model and SSV model are very similar to each oth-
er through comparing fig. 3(b) with 3(a), and the effects of model parameters Ry/t (for SSV
model) and 6/ oy (for EPZ model) are also very similar to each other. If replacing Ro/t by 26/
oy in fig. 3(b), the results of fig. 3(a) can be reproduced approximately. Fig. 3(b) shows that
with diminishing ¢, the energy release rate and the interface strength increase. Therefore, the
stronger the interface, the smaller the dislocation-free zone size. From (8), the smaller the ¢
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Fig. 3. Parameter relations between energy release rate with peak separation stress ( (a) for EPZ model) or wth
dislocation-free zone thickness ({b) for SSV model) .
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value, the thicker the critical thin film, when the residue stress in the thin film is kept constant.

4 Experimental result on Cu/SiO, and prediction of micro-length scale

By combining the parameter results shown in fig. 3(a) and 3(b) with an experimental result
which will be introduced in this section, the parameters (g, ¢) of the EPZ model and the SSV
model, and the micro-length scale ! are predicted.

A lot of experimental evidence for the metal thin film/ceramic subztraie bonded system indi-
cates that'!’ 2 ] the residue stress (or yielding stress) ir thin film is inversely proportional to the
thin film thickness. The residue stress of thin filin 15 related with thin film thickness roughly by
an inversely exponential relaticz. The experimental resuit of Cu/SiO, system by Bagchi and

(14] is used here. The variation in yielding stress of copper thin film with the film thickness

Evans
is shown in fig. 4(a). ln the figure a simulation of the experimental data is also shown by a

straight line, which is approximately related with the thin film thickness

Oy = 0‘%[1 + A/ ho/hCu] ’ (11)

where the simulation parameters (%, ko) are given in fig. 4(a) . Substituting (11) into the first
formula of (8) gives

G eic E a l

- = s U, N s p |.

e A PG P A (12)
By (12) and fig. 3(a), the curves are calculated in four cases, as shown in fig. 4(b). In the

figure are also given the experimental results of ref. [14], which are obtained using two different

interface techniques for the thin film/substrate bonding the evaporation and diffusion bonding

techniques. By the latter method a strong metal/ceramic interface is obtained from experimental
data in fig. 4(b).
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Fig. 4. (a) Variations in yielding stress vs. thin film thickness. Experimental resutls and simulation re-
sult; (b) variation of the energy release rate vs. thin film thickness. Comparison of prediction results with ex-
perimental results.1, (o, I/R,) = (0.76, 0.0); 2, 1.00, 0.3; 3, 1.24, 0.5; 4, 1.75; 1.0.

@, Evaporation technique!*’; O, diffusion bonding technique!'*! .

Via comparison of the predicted curves with the experimental data points in fig. 4(b), we
can draw the following conclusions :
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1) When critical thin film thickness is small (hcu<0.1 um), the energy release rate is in-
sensitive to the thin film thickness and the interface strengths, and the energy release rate is lower
and the contributed part from plastic deformation can be neglected.

2) With the increase in the thin film thickness, the relation of the peak interface strength &
with the micro-length scale I/ R is approximately a straight line, as shown in fig. 5. Neglecting
the strain gradient effect that corresponds to a weak interface, with the increase in {, the peak
separation stress increases. The conclusion is consistent with that from mode I when crack propa-
gates in steady-state'®) .

3) When the strain gradient effect is consid-
ered, the curve G ~ Logyohc, has a small curva-
ture .

Through comparison, the peal: separation stress
and the micro-lengh. scale matching the experimental
resutls are obtaired approximately

o =~ 1.75 GPa, I/R; ~ 1.0.

Furthermore, taking E/cy =300, v =0.3, ay= 4
300 Mpa (h¢,>2 um), we have 0.0 s L s L
1 ~0.1 pum. 0.0 0.2 0.4 0.6 08 1.0

IR
Clearly, the micro-length scale for thin film de- ’

lamination discussed in the present Stlldy is smaller Fig. 5. Relation of peak separation stress with the mi-
(7]

cro-length scale.

than that obtained by micro-bending "’ and micro-

indentation experiments[B] .

Considering that the parameter relation of G/ I"y with /R should be independent of the
employed models, and comparing fig. 3(a) with 3(b), the dislocation-free zone size can be tak-
en as

R,
2t = —
c/o Y

~ 0.017 pum.

This value is of the same order of magnitude as that predicted by the self-consistent method in

ref. [15].
5 Concluding remarks

In this paper, the nonlinear delamination for metal thin film along the interface of metal/ce-
ramic system has been analyzed in detail by using the microscale mechanics approach. By com-
bining the theoretical results with the experimental resutls on Cu/SiO, system, the peak interface
separation stress and the dislocation-free zone thickness, as well as the micro-length scale have
been predicted.

The nonlinear delamination for thin film is a typical case where the micro-length scale effect
is prevailing. During thin film delaminating, some new and important phenomena caused by the
microscale effect have been observed in experiments. Under the action of the mismatch residue
stress, metal thin films with small thickness (micro, sub-micro, etc.) are bonded or deposited
on the ceramic substrates. The formation of a strong (or a weak) interface of metal/ceramic joint
depends on the bonding technique employed. During delamination, the metal thin film undergoes
a large scale yielding deformation due to the strong interface separation stress. The conventional
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elastic-plastic theory is unable to explain satisfactorily such a phenomenon. Recently, Lipkin et
al.!®) have studied the interface properties of the metal/ceramic bonded system experimentally.
They observed that using different interface bonding techniques, the change in the interface frac-
ture toughness I'y is negligible. However, the increases of energy release rate G, may differ by
as much as 100 times between a weak interface case and a strong interface case. This phe-
nomenon implies that the peak separation stress o increases greatly, even 3 or 4 times as much as
that predicted by classical theory. Obviously, on the one hand, it is necessary !¢ =mploy the two
interface parameters to describe the nonlinear thin film delamination. On th2 other hand, from
analysis in the last section, the change in interface peak sircss o depends on the strain gradient
strength directly, which can be described b7 micro-lengti scale [. Tierefore, it is necessary to
use the strain gradient plasticity iheory in the study of the thin film nonlinear delamination .
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