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Abstract The interface layer plays an important role
in stress transfer in composite structures. However,
many interface layer properties such as the modulus,
thickness, and uniformity are difficult to determine. The
model developed in this article links the influence of
the interface layer on the normal stress distribution
along the layer thickness with the layer surface mor-
phology before bonding. By doing so, a new method of
determining the interfacial parameter(s) is suggested.
The effects of the layer thickness and the surface
roughness before bonding on the normal stress distri-
bution and its depth profile are also discussed. For ideal
interface case with no interfacial shear stress, the
normal stress distribution pattern can only be mono-
tonically decreased from the interface. Due to the
presence of interfacial shear stress, the normal stress
distribution is much more complex, and varies dra-
matically with changes in the properties of the interface
layer, or the dimensions of the bonding layers. The
consequence of this dramatic stress field change, such
as the shift of the maximum stress from the interface is
also addressed. The size-dependent stress distribution in
the thickness direction due to the interface layer effect
is presented. When the interfacial shear stress is
reduced to zero, the model presented in this article is
also demonstrated to have the same normal stress dis-
tribution as obtained by the previous model, which does
not consider the interface layer effect.
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Introduction

Both experimental studies and approximate analytical
solutions [1-6] indicate complex stress states with a
rapid gradient occurring along the edges of composite
structures. Thus, the so called boundary effects or edge-
induced stress phenomena have been intensively inves-
tigated. These effects result from the presence and
interaction of geometric and material discontinuities
through the laminate thickness [5]. Almost all solid-
state electronic components have the basic composite
structure of a substrate with one or multiple film
overlays [7]. Therefore the stress distribution due to
the geometric and material discontinuities is of
great concern for electronic components manufacturing,
processing, and reliability. An excellent and
comprehensive review article on this issue is given by
Hu [8].

Interface layer models including the shear-lag
(S-L)model [9] and the lap—shear (L-S) model [10, 11]
have been developed as a supplement/improvement to
the Timoshenko model of bimetal thermostat bending
induced by temperature [12]. The Timoshenko model
offers overall bending information for a composite
structure and the longitudinal force inside the layers, but
provides no information about the interfacial stresses,
which dominate the failure of multilayered materials
[13]. Geometrically, the Timoshenko model deals with
composite layers with finite width and thickness, but
infinite length. The longitudinal normal stress distribution
due to temperature difference predicted by the S-L
model is given as follows [9], which deviates signifi-
cantly from that predicted by the Timoshenko model
when the sample size reduces to the scale of micron
[14],
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o, is the film longitudinal stress. Ef , E; and o , o are
the effective Young’s moduli and coefficients of thermal
expansion of the film and substrate, respectively. #; and ¢,
are the thickness of the film and substrate. [ is half of
the film length. AT is the temperature deviation from the
temperature, at which the composite is in a zero stress
state. G; and 5 are the shear modulus and thickness of
the interface layer, respectively. As indicated in Eq. 1
the interfacial parameter % along with bilayer elastic
moduli and dimensions determines the stress distribution.
Originally % was designed to account for the adhesive-
ness/bondedness at the layer interface, i.e., to provide a
simple path for introducing a non-ideal interface into the
model [14]. Mathematically, % is a fitting factor. How-
ever, a method to physically evaluate G; or 5 is not
provided in those interface layer models. Without
explicitly specifying the parameter of %, the S-L model
cannot predict even the simplest case of the thermo-
mechanical response of layered structures [14]. Also, as a
fitting factor, % can disguise the true nature of stress transfer
between the film and substrate [14]. The dilemma is that
such an interface layer does exist physically, but little is
known about its uniformity, thickness, and elastic modulus
[14]. The S-L model is thus advised to be used with caution,
preferably after experimental verification [14]. The way out
of this dilemma suggested by Murray and Noyan, [14, 15],
is to develop a more comprehensive model which captures
not only the stress transfer nature of the film—substrate
interface but also the information of both the near (to the
interface) and remote parts of the substrate, which may be
significantly thicker than the film. Experimentally, the
parameter % changes due to interface evolution during
thermal processing [14]. Therefore, different interface
states match different % values, and this should be reflected
by some physical parameters, which is the goal this article
aims to achieve. This article presents a model to link ‘Z— with
the normal stress distribution in the layer thickness
direction.

In the field of wafer bonding, the effect of surface
roughness on bonding has been widely studied. Maszara
et al. experimentally observed a periodic strain field near
the interface of a bonded pair of silicon wafers [16]. Their
X-ray topography (XRT) images clearly differentiate the
bonded areas and unbonded “voids”. The surface wavi-
ness/roughness represented schematically in Fig. 1a and b
is responsible for the periodic strain field [16]. The closing
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Fig. 1 (a) Schematic diagram of sinusoidally varying interface and
the coordinate system. (b) The cross-section normal to the interface
and layer dimensions. (a) and (b) are after reference [19]. (¢) The final
contact state: fully-bonded state

gap model, initially proposed by Stengl et al. [17], was
further developed by Tong and Gosele [18]. On the basis of
the model of Tong and Gosele, Yu and Suo did a com-
prehensive study on this closing gap model, and gave the
critical misfit gap amplitude for the full bonding of two
wafers [19]. It is worth pointing out that by constructing a
delicate displacement field, the model of Yu and Suo [19]
offers analytical close-form solutions for both the stress
and displacement in bonded wafers. Before we go any
further to other topics, let us briefly discuss how the closing
gap model works. When the Dupré work of adhesion is
positive (and it is positive for most cases), combining two
free surfaces into an interface reduces the net free energy
[19]. As illustrated in Fig. 1b, when the two layers are
brought together, there are only small contact areas.
Therefore, both the free areas and the free energy are large.
At this stage, the Dupré work of adhesion is the driving
mechanism to bring the two layers into contact, forming the
interface, and reducing the free energy. However, when the
layers elastically deform to contact, it increases the elastic
energy. So the competition between the energy increase due
to layer-accommodating elastic deformation and the energy
decrease due to interface formation determines the final
contact state of the two layers. For a small misfit gap, the two
layers may be bonded completely when the total energy
increase due to elastic deformation is less than the total
energy decrease due to interface formation. For the large
misfit gap case, a large elastic deformation is required to
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contact, and thus there will be too much elastic energy
increase for the layers to have a full contact. They will be
partially bonded and form the pattern of “bonded—
unbonded-bonded” or “interface—void—interface”, which
is typical in the micro-scale world [20]. Since the surface
roughness in Yu and Suo’s model is an ideal sinusoidal
variation, Gui et al. developed a more realistic model for
the surface topography with the asperities of Gaussian
distribution [21]. Yu and Suo’s model depicts the nature of
the layer interface as “interface—void—interface” type at
initial stage. We also assume the two layers are fully-bon-
ded at the final stage, forming a wavy interface similar to
Liau’s case (shown in Fig. 1c), in which the wavy interface
is formed by crystal dislocations [22]. At the same time, the
model used here is also able to describe the behavior of the
substrate much thicker than the film. The layers are infinite
in the x and y directions (the coordinate system is shown in
Fig. 1). The sinusoidally varying surface roughness is
included in the parameters of the roughness wavelength and
misfit gap amplitude. As the S—-L model links the interfacial
stress states with the middle-surface displacements of the
layers [9, 15], and the displacement information is available
in the model presented here, we incorporate such interfacial
effects at z = 0 based on the fact of that the interface layer
thickness is very small (for example, the interface layer
thickness for a Cu/Si film—substrate composite is on the
scale of a nanometer [15]). The interfacial parameter (,7—7‘,
along with the layers’ elastic constants and dimensions
determines the normal stress distribution along the thick-
ness. This suggests that for a given composite structure with
specified elastic constants and dimensions, the measure-
ments of the surface roughness (before contact/bonding)
and those of the normal stress across the thickness (after
being fully-bonded) can be used to determine % This is
different from the approach by Noyan and Murray et al. [14,
15], which measures the normal stress along the layer length
to solve for & by Eq. 1. Also by providing the information
of the stress normal to the interface, the current model
could be used to study the interdiffusion of two bonded
layers [23, 24].

Model development

In Fig. la and b, the surfaces of the two layers are sche-
matically shown. The layers are infinite in the x—y
directions, and sinusoidally varying with a misfit gap
amplitude of 2H and wavelength of L. #; and #, are the
thickness of the layer 1 and 2 respectively. When the ratio
% is small, linear elasticity theory applies [19].

Navier’s equation is applied as follows, when we assign
the displacement field as (uy,up,u3) = (u,v,w). Navier’s
equation states:
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(1= 2v)uij + Mui =0. (2)
Here u;;; = . The stress field is:
E |1 v
%= 17712 (uij + ;) + g, Uk |- (3)

E and v are the layers Young’s modulus and Poisson’s
ratio. d;; is the Kronecker delta. The displacement field is
assumed to have the following forms [19]:

u'(x,y,z) = sin(kx)cos(ky)f'(z)
v(x,y,2) = cos(kx)sin(ky)f'(z)
(kx ) (2),

where superscript i(i = 1,2) stands for the different layers
and k = 2n/L. Originally w' in Yu and Suo’s model [19]
contained a rigid body translation term, which has no effect
on the stress and is ignored here. The unknown functions f*
and g’ can be solved by substituting Eq. 4 into Eq. 2, which
gives the following coupled ordinary differential equations
with constant coefficients:

(4)

wi(x,y,z) = cos(kx)cos(ky

(1=2v)f" —4(1 —v)f —g' =0 (5)
(1=v)g"—(1—=2v)g+f =0,

with ()’ = d()/d(kz). The equations above have the
following solutions:

fl(z) = (a1 + azkz)e‘/ikZ + (a3 + a;;kz)eiﬁkZ

£2(2) = (as + agk2)e¥™ + (ar + agkz)e V<

g'(z) = [—\/Eal +(3—4v, — \/Ekz)ag]eﬁkZ ©

+ [V2a3 + (3 — vy + ﬁkz)a;;]e‘ﬁkz
() = [-V2as + (3 — 4v, — \/Ekz)aé]e‘/ikZ
+ [V2a7 + (3 — 4v, + \/Ekz)ag]efﬁkz.

a; (i =1-8) are constants to be determined by the
boundary conditions. Here v; and v, are Poisson’s ratios of
layers 1 and 2.

The four boundary conditions for layer 1 are:

@

z=0,w' = 7ﬂcos(kx) cos(ky)
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H, is the amplitude of the surface displacement of layer 1
normal to the interface. The first three boundary conditions
are same as those in Yu and Suo’s [19]. The first two state that
on the free surface, the normal and shear stresses are zero.

Equation 3 in conjunction with Eq. 4 gives o', = 2(1E+iu,-)
(ul +wl) = Z(H—D 31y sin(kx) cos (ky) (i —kg)and g, = ﬁ
(v +w) = 2(Hn)cos(kx) sm(ky)( — kg), which implies

thatinEq. 7, toset oy, = Oatz = ¢, and ofz =0atz = -t also
means oy, = 0 at z = #, and a3, = 0 at z = —,. In the fourth
boundary condition, G; and # are the interface layer shear
modulus and thickness, respectively. u'(x,y,%) and
u*(x,y,—%) are the two x-axis displacements of the two
layers’ middle-surfaces. And the fourth boundary condition
is the interfacial shear stress expression of the S—L model [9,

15]. In Suhir’s L-S model [11], a similar expression is given
ol =50l (x,y,4) -
K = % (é—'] + é—zz) [10, 13]. G,,G, above are the shear moduli of

. . . G/.
layer 1 and layer 2, respectively. In this article, we treat Sasa

u*(x,y,—%)]. K is a constant and

parameter whose value varies, in order to study the stress

change. In that sense, it does not matter whether such

% or % Yu and Suo set the shear

proportionality factor is
stress o ,, at interface (z = 0) to be zero [19], which is our
% = O case. Similarly, the four boundary conditions for layer

2 are:
V)

2
1= —h,0, = 0

(VD

— 2 _
Z——l‘z,O’xz—O

(VID)

z=0,w?

= % cos(kx) cos(ky)
(VIID)

Gi hn
Z_Ov GXZ [ul(x7y7§) -

t
. (5,3, = 5)] (8)

Here H, is the amplitude of the surface displacement of
layer 2 normal to the interface. Equations 7 and 8 give the
eight boundary conditions needed to solve for the eight
unknown a;s. However, it should be noted that H; and H,
are still unknown at this stage. Therefore, the a;s should be

first expressed symbolically by H; and H,, and then by H.
The detailed procedure is given in appendix. The two
layers are assumed to be fully-bonded as shown in Fig. Ic,
and the corresponding physical condition requires H; and
H, to satisfy the following relation [19]:

H, + H, = 2H, )

which means that the amplitude of relative displacement of
the layers is equal to the misfit gap amplitude. And at z = 0,
the continuity of normal stress of ¢ _, requires the following
equation to be satisfied [19]:

ol (z=0) = 0o (z=0). (10)

Equations 9 and 10 are the two equations to determine
H, and H,, and thus a;s.

Results and discussion

In all the cases studied here, E; = 129.8 GPa, v; = 0.343
for Cu, E, = 162.5 GPa, v, =0.224 for Si, [15], and
L=1pum. G;= i% and # =1 nm. A is the dimen-
sionless parameter we actually vary during the
computation. Although # can be varied, = 1 nm is chosen
in this study because the interface thickness of Cu/Si film—
substrate composite structure is of the same order of
magnitude. From Eq. 3, the normal stress along the
thickness in layer 1 is expressed as

oL, = cos(in) osll) () = L ORI

x [~2keVea, + (2v/2k — 21%7 — 2/2kv) )e¥¥a,
ke Vqy + (—2v/2k — 2k%2 + 2v/2kv e f’“ Al
(11)

Clearly, o, oscillates periodically in the x and y
directions. The following study only presents the
variation of the amplitude ¢(z), and all our computation
results from Eq. 11 when setting A = 0 exactly match those
obtained by Yu and Suo [19].

In Fig. 2a, t; = 1, = 1 pm and ¥ = 55 . The distribution
of ¢(z) is shown with 1 = 0, 0.05, O 1, 0.3, 0.5, and 1. When
A =0, ¢(z) monotonically decreases from 351.4 MPa at
z=01to 0 MPa at z =1 pum. For 1 = 0.05, ¢(z) decreases
from 258.4 MPa at z =0 to 0 MPa at z =1 um, and the
decrease is still monotonic. However, for A = 0.1, the curve
no longer monotonically decreases. ¢(z) starts with
288.6 MPa at z =0, increases to 607.5 MPa around
0.11 um, and decreases to 0 at z = 1 um. For 4 = 0.3, 0.5,
and 1, ¢(z) becomes monotonically decreasing again. For
Fig. 2b, all the parameters are kept same as those in
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Fig. 2 ¢(z) distributions along the Cu layer thickness for different
G;/n (different 1) and a fixed H/L = 1/1000 when (a) f; = t, = 1 pm;
(b)yty=1pmand t, =5 um; (¢) 1, =2 pm and £, =5 um

Fig. 2a, except that #, is changed to 5 pm. The curve with
A =0 is still monotonically decreasing. The curves for
A=0.05 and 0.1 are of the increasing—decreasing type.
From the curves with 2 = 0.3, 0.5, and 1, a transition from
the decreasing—increasing type of curve to the monotoni-
cally decreasing type of curve is shown. In this case, there is
a little difference in ¢ (0) for all the curves with different As.
In Fig. 2c, 1 is set to be 2 um, and all other parameters are
same as those in Fig. 2b. Clearly, in Fig. 2c there is a very
little difference for the curves with different As. So, we
conclude that the stress distribution along the thickness is
sensitive to both layer thickness dimensions from the
comparison of Fig. 2b and 2c. Mathematically, the combi-
nation of the ¢V2< terms associated with a; and a, and the
¢~V terms associated with az and a4 can generate dif-
ferent normal stress profiles as reflected in Fig. 2a, b, and c.
Physically, when the layer thickness increases, the ratio of
the interface to the (bulk) volume becomes small, which
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also means that the interface effects become less important.
This is the mechanism responsible for the normal stress
size-dependent distribution properties, and explains why the
normal stress profiles look similar in Fig. 2c when the
layers thickness is relatively large. Analogously, both the
experimental and theoretical analysis (Eq. 11 [14, 15]) also
demonstrate the sample size-dependent sensitivity of the
interface layer effects. In the experiment [14], the large
difference of the horizontal (parallel to the interface) nor-
mal stress distribution between a 3 pm X 3 um and a
14 pm X 14 pm film is demonstrated.

In Fig. 3, the roughness effect is studied. Two cases, one
with 4 =0, and the other with 1 =0.1 are compared
together. For these two cases, f; = 1 um and #; = 5 pm. %
is chosen to be 1 x 10_3, 2 X 10_3, or 5 x 1073, It is shown
in Fig. 3 that larger % generates a larger magnitude of ¢(z)
across the whole thickness, which is physically under-
standable because a larger % requires larger elastic
deformation so that the gap can be closed and thus a larger
corresponding stress is generated. For the curves with
A= 0.1, the change in the maximum values is also very
significant. However, the parameter % does not change type
of the curve: for A =0 the curves are all monotonically
decreasing, while for 4 = 0.1, the curves all increase and
then decrease. The roughness (indicated by %) offers the
source for the normal stress (as the model requires the
closing-up). But it is the interfacial shear stress (indicated
by A) that re-distributes the normal stress inside layers.
Without the interfacial shear stress, the normal stress dis-
tribution pattern can only be monotonically decreasing.

Figure 2a—c demonstrates the thickness-dependence of
normal stress distribution due to the interface layer effect,

x10°
35 T T T T T T T T T
— A=0,H/L=1x 103
. - - A=0,H/L=2x 10°
*
3,7 - - A=OH/L=5x10° |
' S — A=0.1,H/L=1x 10°
1 . 1= mA=0.1,H/L=2x 10°
. A=0.1 4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
z(um)

Fig. 3 ¢(z) distributions along the Cu layer thickness for different %
Here the case with no interface layer effect (4 = 0) and the case with
the interface layer effect (with 4 = 0.1) are compared together. The
layer thicknesses (¢#; = 1 um and #, = 5 pm) are same for both cases
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and Fig. 3 demonstrates the roughness influence. The
normal stress in the layers depends significantly on the
layer thickness, surface roughness, and interface layer
conditions.

The changes in the normal stress distribution due to the
interface layer conditions could also have a significant
impact on the formation, nucleation, and interaction of
dislocations [16, 25], penetration of twins across the
interface [24], interdiffusion [23, 24], and bonding
strength. It is also known that stress inside semiconductor
layers can either increase or decrease the charge carrier
mobility, which has a direct influence on the electronic
properties of the CMOS transistors made by the wafer-
bonding technique [16].

It is interesting to compare this work with Liau’s
[22]. It is noticed that Liau’s model predicates that the
normal stress distribution along the thickness direction
decreases monotonically and exponentially from the
interface [22], which is the same scenario as the 4 =0
cases in Figs. 2 and 3. The expression of Eq. 11 impli-
cates that the normal stress distribution patterns of
monotonically decreasing, increasing—decreasing and
decreasing—increasing can all exist. Liau’s model also
assumes that the dislocations are all localized at the
interface [22]. However, it can also be rigorously shown
that Liau’s model assumes that the interface is ideal even
with the presence of dislocations [26]. With the accu-
mulation of dislocations or other defects at the interface,
the interface strength will be weakened and interfacial
slip will be allowed, so the interface should be modeled
as a damaged one. The damaged interface along with the
layers-thickness dimensions and roughness can signifi-
cantly alter the normal stress distribution as demonstrated
in Figs. 2 and 3. Freund and Suresh’s analysis shows that
the occurrence of dislocations depends on the (local)
strain energy [25], which is directly related to the stress
distribution. The normal stress distribution along the
thickness direction is usually the dominant one in wafer-
bonding materials. As demonstrated by Yu and Suo [19],
Liau [22], and this work, for an ideal interface formed by
wafer-bonding, the normal stress decreases monotonically
from the interface and the maximum stress is at the
interface. This is the reason why dislocations in wafer-
bonded materials are often localized at the interface and
virtually nowhere else [22], if the bonding interface is
ideal (or has very high bonding strength). However, the
increasing—decreasing normal stress distribution pattern of
a damaged interface shifts the maximum stress from the
interface into the layer, which directly results in the fol-
lowing consequence: the formation of new dislocations
will be most likely to occur inside the layer rather than at
the interface. Accordingly, the propagation of dislocation
may also be affected because of the different stress field.

0 (Pa)

Feature Thickness (um)

Fig. 4 The average stress (¢p) inside the Cu layer and the feature
thickness as G;/n (that is, 1) changes in the case of 7; = 1 um and
t, =5 pm, as in Fig. 2b

The average ¢ in layer 1 is defined as follows:

— Jy #(2)dz
¢—OT-

(12)

The feature thickness plotted in Figs. 4 and 5, here, is
defined as the length at which ¢(z) is reduced to 5% of
¢(0). The 5% here is an arbitrary number taken to follow
Murray and Noyan’s definition [15]. ¢ and the feature
thickness together give an overall idea of the stress
distribution, namely its magnitude and the degree of
stress localization. In Fig. 4, / is varied, while all other
parameters are same as in Fig. 2b. As shown in Fig. 4, both
¢ and the feature thickness keep increasing before and after
A=0.15. At A =0.15, both curves experience a sudden
jump. This is also reflected in Fig. 2b. In Fig. 2b, the ¢(z)
curves with 4 = 0.05 and 0.1 are the increasing—decreasing
type of curves, which have larger ¢. For the curves with
A =10.3,0.5, and 1, they are either decreasing—increasing or
monotonically decreasing types of curve. They decrease
much more rapidly, and some parts of ¢(z) are even
negative. Therefore, as compared to the increasing—
decreasing type of curves, ¢(z)s of the curves with
A=0.3, 0.5, and 1 reduce much more rapidly as one
moves from the interface. This is why the curves with
2 =03, 0.5, and 1 have much smaller 5 and feature
thickness. This pattern change in the stress distribution is
also responsible for the jump in Fig. 4. Figure 5 examines
the same case as in Fig. 2c when both films are relatively
thick. As shown in Fig. 5, clearly ¢ increases continuously,
but slowly as / changes. Compared with that of Fig. 4, the
variation of ¢ in Fig. 5 is very small. The feature thickness
in Fig. 5 is either 0.54 or 0.56 um. Although there is a
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Fig. 5 The average stress (¢) inside the Cu layer and the feature
thickness as G;/n (that is, 1) changes in the case of #; =2 um and
t, =5 pm, as in Fig. 2¢

feature thickness jump in Fig. 5, the jump magnitude is
quite small compared with that of Fig. 4. Clearly there is
no strong pattern change of stress distribution in Fig. 2c.
These characteristics in Fig. 5 are also clearly reflected in
Fig. 2c. In one word, the differences of the normal stress
profiles in Fig. 2b and 2c are responsible for the significant
difference between Figs. 4 and 5.

Without the interface effect (i.e., when A = 0), the nor-
mal stress amplitude along the thickness always keeps
monotonically decreasing and the maximum is at z =0
[19]. With the variation of /A, there can be quite different
normal stress profiles. The layer thickness, roughness, and
% (Gi= 4 %) are responsible for the normal stress var-
iation in a given bilayered composite. Here 4 is the fitting
factor, which indicates the interface layer effect as reflected
in Eq. 8. Larger / indicates larger interfacial shear stress
and for a perfect/ideal/no-slip interface, the interfacial
shear stress is zero (A = 0). The variation of A in this article
represents different interfacial (stress) states. The original
S-L model was developed to evaluate how well the two
layers are adhered by analyzing the influence of the inter-
facial slip and stress states [9]. With the availability of the
micro-Raman technique for measuring the nonuniform
normal stress through the layer thickness [27], it is possible
to measure the normal stress and layer surface roughness,
and then use the model presented in this article to deter-
mine % The bonding strength is usually measured by a
method based on crack propagation theory, which does not
consider complex stress distribution due to the interface
layer effect as analyzed in this article [28]. With experi-
mental information about % and the analysis of the normal
stress distribution, it may be possible to obtain a more
accurate evaluation of the interface bonding strength.

@ Springer

Concluding remarks

This article presents a model of elastic closing gap that
incorporates the interface layer effect. The bonding surfaces
are assumed to sinusoidally vary in both the x and y direc-
tions. The model directly links the normal stress distribution
to the surface roughness and the interfacial parameter % and
offers a method to determine the latter value experimentally.
The influence of & along with the layers thickness and
roughness on the normal stress distribution is studied. As
compared to the ideal interface, which can only have the
monotonically decreasing pattern of normal stress along the
thickness direction, a damaged interface can have one of the
following three patterns of normal stress distribution along
the thickness direction: (1) monotonically decreasing, (2)
increasing—decreasing pattern or (3) a decreasing—increasing
pattern. The ideal interface model indicates that the maxi-
mum stress locates at the interface, so that the defects such as
dislocations are most likely to be formed at the interface.
However, the model presented here indicates that the dam-
aged interface along with the thin layer thickness can shift
the point of maximum normal stress from the interface into
the layer. This results in the consequence that new defects
like dislocations are more likely to be formed inside the layer
rather than at the interface. However, when the layer thick-
ness is large enough, our model indicates that the damaged
interface causes almost the same stress distribution pattern as
that of an ideal interface.

The model presented in this article is still an idealized
model, which requires the two layers to share the same
wavelength. If the two surfaces sufficiently match, this
model is a good approximation. Otherwise, a more com-
prehensive model needs to be developed. The inelastic
relaxation and influence of dislocations on the interface
layer properties are not included in this model, either.
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Appendix

In the boundary conditions as given by Eqgs. 7 and 8, the
fourth and eighth are equivalent to the following two:

0,,(z=0)—05(z=0)=0

0,.(z2=0)+ 0, (z=0) = 2? [u'(z = %1) —u*(z = —t—z)]

We arrange them in the last two rows of the following
matrix form:
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fmyy mypy myz my 0 0 0 0 7 ap
mq nipy M3 Myy 0 0 0 0 ay
ms3y mzp mM33 N3y 0 0 0 0 as
my4s  NMy4e Mgy Nl4g ag
mss Mse Ms7 sy as
mes Mo Mgy Mgy de
mgy mjyy Mgz M4 Mgs Mge My7 N8 a
Lmg) mgy Mgz Mg4 NMgs Mge Mgy Mgy | as

0

_a

2

0

0

Hy

2

0

0

(13)

With m;; s given as:

mp = —2](8\/5]“1,
miy = k(2V2 — 2kty — 23/2v;)eV2n,
myz = —2k€7\/§ktl,

mis = k(=2v/2 — 2kt; + 21/2v; e~ V20
my = Zﬁkeﬁk",

my = k(=2 +4v; + Zﬁktl)eﬁktl,
mys = —2\/§ke"/§k’1,

Moy = k(=2 4 4vy — 2v/2kt; e~ V2n
msz1 = —\/Z m3y = 3-4vy,

myy = /2,

ms4 = 3—4v,

Mas = —2ke~ V22,

Mg = k(2v/2 + 2kty — 2¢/2vy)e Y2k,
My = —2ke\/§k’2,

mag = k(—2v/2 + 2kt + 2y/2v,)eV 2k
Mss = 2\/§ke"/§k’2,

mse = k(=2 + 4vy — 2/2kty)e~ V2o,
—2\/—ke\/§k’2

msg = k(=2 + 4v, + 2v/2kt, ) eV 2k
mes = —V/2, mgs = 34y,

mer = V2, meg = 3-4vs,

mn = V2R,

Ei(14v,
(-1 +2v1)E;EIL;;,

msz

mqa

_ El 1+v2
my3 = sz Tv)

_ Ei1(14v,)
mys = (=14 2vi) By
mis = _\/za
mae = 1-2vs,
my =2,
myg = 1—2V2

_ VIEk _ 2G;
mgy =N T et

_ Ek(=142v))  Gikt; Lt
My =" o e

_ —\2Ek 26, =k
mgy =50 - 5re

Eik(=142v1)  Gikty =Yk,

= — 1 2

g4 14+v; n ¢ ’
V2Ek | 2G; =kt
mgs = 1+v22 +Te 2,

_ Ek(=142v))  Gikty =L
mge = ——15,  — —2 T,

_ —\V2Ek | 2G; fk
mg7 = I+v + n e’

Mgg = Exk(=142v2) _ Gikty e%"?

1+v; n

The strategy of solving Eq. 13 is to express a1, ay, a3 via ay
and as, ae, a7 via ag first, and then substitute them into the last
two equations of Eq. 13 to solve a4 and ag. Therefore, we have

Viomp mg3
Vo myp mp3
Vi mz ma3 ky H,

a; = # = Ba4 —E(mlzl’l’lﬁ - m13m22)
(14)
mi V] mp3
my Vo mp3
Gl Vs sl ke s s
= ) _D4 op M 23 13M21 ),
(15)
and
myp mp Vl
my my Vs
gl ms Va| ks o Hi (miamy — myymyy)
5= ) =@ T o U 11M22),

(16)
here D, V,, V,, and V; are defined as

mip mp N3

D= |my my m3|,VI=—mpuas, Vo = —mosay,
mzp  mzy  Ms33

H,
V3 = — —— — M3d4.

2

And k[, kz, and k3 are k[ = —m14(m22m33—m23m32)+m24

(M 2m33—1m3m32)~M34(M12Mo3—1M13M92), ko = 1my4(my maz—
Mo3m3 ) —Mog(My M33—1m3ms,) + mzg(my myz—m3myy), k3 =
M 4(Mpom3 1—1Mo 1 Mi32)—Mo4(My M3 =M 1M32) + Mag(miamo—
mymyy).

@ Springer



96

J Mater Sci (2008) 43:88-97

as, ae, and ay are:

Vs mys  my
Ve mse msy

a —V7 Moo M67 —l—la —|—ﬂ(m Ms7 — My7Msg)
5 = 7 = 7 a8+ 57 (magmsy 47M56 )
(17)
mys Vs my
mss Ve ms;
g =11 7 Ter | Vi me —l—za —ﬂ(m Ms7 — My7Niss)
6 = 7 = a8 — 5 (masmsy 471M55 ),
(18)
and
mys My Vs
mss  msg Ve
ay = 15 Mo 7] Vi —l—3a —ﬂ(m Mss — MasMse )
7 7 748 = 5 (Mainss 45M56 ),

(19)

with J, Vs, Vg and V; defined as

mys  Mye  Nyy

J=|mss mss ms7|, Vs = —mygag, Vg = —msgas,
Mes  Mee Mgy
H,

V7 = —— — Megdsg.
2

lla lz, and l3
(myeMer—ma7mes)—Meg(Myghis7—Ma7Mse), by = myg(mssmer—
Ms7Mes)—Msg(MysMe7—My7Mes) + Meg(Mysnis7—Imagmss).

And I3 = myg(msemes—imssiies)—msg(MagMes—Mashises) +
meg(Maeiss—Tasimse).

Substitution of the expressions of a;, a,, aszin Egs. 14,
15, 16 and as, ag, a; in Eqgs.17, 18, 19 into the last two
equations of Eq. 13 gives following equations of a4
and ag:

are I} = —myg(mseme7—Ms7Mes) + Msg

{M1104+M1208=§—5O€1+%O€2 (20)

H H ’
Myiag+Myag =557, +5772

with M,’jS defined as M“ = W + myy,

l ! l k k k
M, = mss 1+m7je 2 +myrls +mgg, and My = mg) 1+m% 2 +mg3ks

__ mgsly+mgelh+mg7l3
+mgy, My = "EENRTEENIS 4 mgg.

And o and o, are defined as

oy = myy (miamyz — mizmay) — map(myimys — mizmyy)

— my3 (mlzmzl —m 1m22)

and
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oy = —mys(Mmassy — Mazmse) + Mre(MasMs7 — Ma7iMss)

+ my7(maemss — Mysmse).

y1 and 7, are

71 = mgy (myamy3 — my3mpa) — mga (M ma3 — myzmy; )
— mg3(mipmy; — myimyy),

and

Vo = —mgs(magms; — myzmse) + mge(masimsy — magmss)

+ mg7(maghiss — masmsg).

ay and ag are solved as
ay = AHy + AyHy, a5 = BIH) + BoH), (21)
with A; and B; (i = 1, 2) given as

A — oM —y M1z A —
1= b) 2=
2D(M 1M — M2M>1)

oMo — y,Mi>
2J (M 1My — MixMy,)

and

YoMy — oMy
2J (M 1My, —MxM>;)

. YiMi1 — oMo B
Bl - 732 -
2D(M M — M 2M>;)

Substitute the above solution of ag and a4 into Egs. 14,
15, and 16, and 17, 18, and 19, we have

ay = C\Hy + CoHy, ap = F1Hy + FoH,, a3 =11H + LH,
as = P1H\ + PH;, as = Q1Hy + Q>H3, a7 = R{H| + RyH>,

(22)
with
ky MipMy3 — My3nip ki
€ =lp, el T o By
1 D 1 2D , L2 D 2,
ky mimy3 — mi3niag ko
Fy =2, 4 M0 Z L 52 4
1 D 1+ 2D y L2 D 25
k3 MMy — MMy k3 Iy
I =2, T e B4, P =B
1 D 1 2D s 42 D 2,171 J 1y
L Maes7 — Mya7Ms6
P, = LB, + T _ T
2 7 2+ 2] )
and
0 :Z—ZB 0 :lgB _ MasMmsy — magmss o :1—33
1 J 1, %2 J 2 2] [RAS| i 15
I3 MaeMss — Mas5Mise
R, = 2B, — 467755 = THSTI56
S 27

Equations 9 and 10 result in the following two
equations:
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(23)

H, +H, =2H
H1+rH2=0'

Here r is defined as

10.
. Suhir E (1989) J Appl Mech 56:595
12.
13.

Suhir E (1986) J Appl Mech 53:657

Timoshenko S (1925) J Opt Soc Am 11:233
Ru CQ (2002) J Electron Packag 124:141

=BGy + V2B(1 = v)Fy — Bl — V2(1 — v)Ay + P2 — V2(1 = v2) Q2 + Ry + v2(1 — v2)B,

T —BCy +V2B(1 —vi)Fy — B, — V2(1 = vi)A; + Py — V2(1 —v2)Q1 + Ry +V2(1 — v)B,

with

,8 o El(l + Vz)
o E2(1 =+ Vl)

Therefore, H; and H, are solved as follows

2H

—2rH
H1 == :E

ST

> (24)

Substitution of the above solution of H; and H, into Eqgs.
21 and 22 gives the solutions of all g;s.

References

. Pipes RB, Pagano NJ (1970) J Compos Mater 4:538

. Pipes RB, Moiré IM (1971) J Compos Mater 5:255

. Pagano NJ (1978) Int J Solids Struct 14:385

. Pagano NJ (1978) Int J Solids Struct 14:401

Wang SS, Choi I (1982) J Appl Mech 49:541

Wang SS, Choi I (1982) J Appl Mech 49:549

. Hu SM (1979) J Appl Phys 50:4661

. Hu SM (1991) J Appl Phys 70:R53

. Chen WT, Nelson CW (1979) IBM J Res Develop 23:179

O 00NN A W=

14.

15.
16.

17.
18.
19.
20.
21.
22.
23.

24.
25.

26.
27.

28.

Noyan IC, Murray CE, Chey JS, Goldsmith CC (2004) Appl Phys
Lett 85:724

Murray CE, Noyan IC (2002) Philos Mag A 82:3087

Maszara WP, Jiang BL, Yamada A, Rozgonyi GA, Baumgart H,
de Kock AJR (1990) J Appl Phys 69:257

Stengl R, Mitani K, Lehmann V, Gosele U (1989) Proc. 1989
IEEE SOS/SOI Tech. Conf., Stateline, Nevada, October 3-5,
1989, IEEE Catalog number 89CH2796-1(1989) 123

Tong QY, Gosele U (1995) J Electrochem Soc 142:3975

Yu HH, Suo Z (1998) J Mech Phys Solids 46:829

Kendall K (2001) Molecular adhesion and its application: the
sticky universe. Kluwer Academic /Plenum Publishers, NY, p 28
Gui C, Elwenspoek M, Tas N, Gardeniers JGE (1999) J Appl
Phys 85:7448

Liau ZL (1997) Phys Rev B 55:12899

Lee WG, Woo SI (1997) J Mater Sci 32:815

Chen KN, Fan A, Reif R (2002) J Mater Sci 37:3441

Freund LB, Suresh S (2003) Thin film materials: stress, defect
formation and surface evolution. Cambridge University Press,
UK

Zhang Y (2007) J Phy D Appl Phy 40:1118

Pinard K, Jain SC, Willander M, Atkinson A, Maes HE, Van
Overstraeten R (1998) J Appl Phys 84:2507

Maszara WP, Goetz G, Caviglia A, McKitterick JB (1988) J Appl
Phys 64:4943

@ Springer



	Interface layer effect on the stress distribution of a wafer-bonded bilayer structure
	Abstract
	Introduction
	Model development
	Results and discussion
	Concluding remarks
	Acknowledgements
	Appendix
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


