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Abstract

In this article, the crack growth driving force and the resistance to cleavage cracking associated with crack front trans-
mission across a high-angle grain boundary in a silicon thin film are analyzed, and a closed-form solution of grain bound-
ary toughness is obtained. It is noticed that the fracture resistance of the grain boundary is a function of the film thickness.
This size effect is attributed to the nonuniform nature of cleavage front advance.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the intrinsic difficulties in assuring reliable service of thin film materials is that most of them are
brittle at working temperatures. Under unexpected external loadings or residual stresses, catastrophic failure
can take place, often resulting in the failure of the entire device [1]. Over many decades, understanding their
fracture resistances has been an active research area [2–4].

One of the most widely used thin film materials is silicon. Depending upon the deposition procedure and the
thermal treatment history, the grain structure of a silicon thin film can be amorphous, columnar, or equiaxed
[5]. Amorphous silicon films are usually formed when the substrate temperature is relatively low [6]. Due to the
poor mechanical and electrical properties, they are seldom used in microfabrication. When the substrate tem-
perature is relatively high, silicon crystallizes and, because the grain nuclei with unfavorable orientations
would be buried, the grain structure is often through-thickness [7,8]. The grain boundaries, which would inter-
rupt the cleavage cracking process from grain to grain, offer higher fracture resistance compared with single
crystals, and thereby dominate the fracture behavior. For instance, grain-sized microcracks have been
observed frequently in both scientific research and engineering practice [9,10], indicating clearly that, before
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a short crack can grow into a long one, it must overcome the grain boundaries in its propagation path. With
the increasingly high functional requirements, the reliability analysis of silicon thin films becomes more and
more critical in the design of microelectromechanical systems and electronics packaging.

While the cleavage cracking across grain boundaries is an important phenomenon, the systematic studies on
it are scarce. Recently, Qiao and Argon [11] performed an experimental investigation on the grain boundary
toughness of a substantial set of brittle iron–silicon bicrystals. It was observed that, as a cleavage front over-
came a high-angle grain boundary, the grain boundary was not broken through uniformly. Rather, the cleav-
age front first penetrated across the grain boundary at a number of break-through points, leaving the
persistent grain boundary islands (PGBI) behind. The role of PGBI was quite similar with that of hard rein-
forcements in a composite that toughen the material through both crack trapping and bridging. Eventually, as
the penetration depth of the crack front across the grain boundary reached a critical value, the PGBI would be
sheared apart. In this experiment, because the samples were much larger than the width of the break-through
window, there were a large number of break-through points distributed along the grain boundary. Therefore,
although the distance between the break-through points varied in a relatively large range from 1 to 10 lm, the
effect of the variation was averaged out, leading to a size independent boundary toughness [12,13]. In a thin
film material, on the other hand, if the grain boundary is relatively narrow such that only one or a limited
number of break-through points can be developed, the front transmission across the grain boundary can
be constrained by the film surfaces, which in turn affects the fracture resistance.

In order to analyze the fracture toughness of thin films, details of cleavage front advance must be taken into
consideration. In a previous study [14], we analyzed the energy equilibrium of the cleavage cracking across an
infinitely wide grain boundary. In the current research, we will examine the cleavage front transmission across
a narrow through-thickness grain boundary.

2. Cleavage front transmission across a narrow grain boundary

When a cleavage front encounters a grain boundary, as previously discussed, the front transmission is dom-
inated by the formation and growth of break-through points. The distance of the break-through points,
according to the statistical analysis of experimental data [11], is a material constant independent of the crys-
tallographic orientations. If the film thickness, t, is comparable with or even smaller than this characteristic
length, the width of the grain boundary is large enough for only one break-through point, as shown in
Fig. 1 and also depicted in Fig. 2a. The cleavage front would first penetrate across the grain boundary in
the break-through window. The sections of the front near the film surfaces would be arrested by the persistent
grain boundary areas.

Fig. 1. SEM microscopy of cleavage cracking across a through-thickness grain boundary in a silicon thin film. The crack propagated from
the right to the left. The arrow indicates the grain boundary.
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According to the profile of river markings, the contour of the cleavage front in the break-through window
can be described by a power-law function [14]

n2 ¼ �ð~d � n1Þb ð1Þ

where n1 = x/t; n2 = z/t, with z being the grain boundary direction; b is a parameter in the range of 0.5–0.7;
and ~d ¼ ðw=2tÞ1=b is the normalized penetration depth at the crest of the verge of propagating, with w being the
width of break-through window (see Fig. 2b). The fracture work associated with the crack front penetration
can be stated as

W ¼ W B þ W GB ð2Þ

where WB is the work of separation of the cleavage surface in grain ‘‘B’’ and WGB is the work required to shear
apart the grain boundary inside the break-through window. Note that WB can be calculated as
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Fig. 2. Schematic of a cleavage front penetrating across a narrow grain boundary: (a) three dimensional view; and (b) top view. Section
‘‘ab’’ indicates the break-through window.
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where GB is the fracture resistance of grain ‘‘B’’. The integration term in Eq. (3) gives the area of the cleavage
facet ahead of the grain boundary.

The work of separation of the grain boundary in the break-through window can be stated as

W GB ¼ ð2cGBÞ½ðw=2Þ2 tan h� ð4Þ

where cGB is the effective surface free energy of grain boundary, and h is the twist misorientation. The effective
crack front can be taken as the line passing through the centroid of the penetration area. Hence, the effective
crack growth distance is

Da ¼ 2t
1þ b

w
2t

� �1þb
b ð5Þ

Substitution of Eqs. (3)–(5) into (2) gives

W ¼ GBtða� a0Þ þ ð2cGBÞ tan h � t2 ða� a0Þð1þ bÞ
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The fracture resistance offered by the grain boundary can then be obtained as

RðaÞ ¼ 1

t
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Eq. (7) indicates that, with the increasing of the penetration depth, since more and more grain boundary
area is separated, the fracture resistance of grain boundary, R, rises, and therefore the crack growth driving
force, G, must be raised to drive the crack front deeper into grain ‘‘B’’. The grain boundary induced position
dependence of fracture resistance makes the transgranular cracking fundamentally different from the cracking
in a single crystal.

For the sake of simplicity, we analyze the contoured thin film sample depicted in Fig. 3. It will be shown
shortly that the sample geometry does not affect the calculation result of the fracture resistance of grain
boundary, Gcr. The contour of the sample is 12x/y3 + 3(1 + m)/(xy) = m, where {x,y} is the coordinate system,
with x being the crack growth direction and y the normal of fracture surface; m is the Poisson’s ratio; and m is
the geometry factor. Based on a discussion of the constant-K specimen [15], the compliance of this specimen is

C ¼ d
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Fig. 3. The contoured thin film sample.
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where P and d are the crack opening load and displacement, respectively, E is the modulus of elasticity, t is the
sample thickness, and a is the crack length. With a given load, P, the energy release rate is

G ¼ P 2

2t
oC
oa
¼ ma

E
P
t

� 	2

ð9Þ

It can be seen that G is proportional to a; that is, without changing the applied load, the crack growth driven
force increases linearly as the crack advances.

In general case, in a material where the fracture resistance increases with the crack growth length, the crack
growth stability can be well described in the framework of R-curve analysis e.g. [16], as shown in Fig. 4. In the
bicrystal sample, due to the grain boundary separation, according to Eq. (7), the fracture resistance is a func-
tion of the effective crack length. Initially, when P = P1 is relatively small, with the initial crack length of a0,
the energy release rate is lower than the fracture resistance of grain ‘‘B’’, GB, and the crack does not propagate.
According to Eq. (9), the crack growth starts at G = GB, i.e. P=t ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EGB=ma0

p
. Since oG/oa is initially smaller

than oR/oa, as the crack grows by a infinitesimal distance, G would be lower than R, and the crack would
immediately stop, until the applied crack opening load is increased. That is, the crack growth is stable.

With the increasing of the penetration depth of the crack front across the grain boundary, the effective
growth distance, Da, keeps rising. While the fracture resistance, R, increases with a, the magnitude of
oR/oa is reduced. Eventually, when

oR
oa
¼ oG

oa
ð10Þ

further increase in a would result in unstable crack advance, causing the final failure of the grain boundary.
Consequently, the grain boundary toughness, Gcr, should be taken as the point in the R-curve that satisfies
Eq. (10), which, based on Eq. (9), can be rewritten as

oR
oa
¼ R

a
ð11Þ

Consequently, the normalized excess fracture resistance of grain boundary is

eG ¼ Gcr

GB

� 1 ¼ b � tan heGB

Dacr � ð1þ bÞ
2t

� �b�1
bþ1

ð12Þ

where Dacr is the critical penetration depth at the onset of the grain boundary failure and eGB ¼ GB=2cGB.
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Fig. 4. The energy equilibrium at a cleavage front transmitting across a high-angle grain boundary.
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Finally, combination of Eqs. (7), (9), and (12) leads to
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solving which gives eG. In the above derivation, the variant of Eq. (12),

Dacr ¼
2t

1þ b

eG eGB

b � tan h

" #bþ1
b�1

and the relationships of a = a0 + Dacr and G = R are utilized.

3. Results and discussion

Although the above discussion is based on the analysis of the contoured sample shown in Fig. 3, the sample
geometry does not affect the result of eG as long as the G–a relationship is governed by Eq. (9), since the geom-
etry factor, m, vanishes in Eq. (13). Under this condition, when m tends to infinity, the contoured sample con-
verges to an infinitely large half plane.

For silicon, the effective surface free energy of grain boundary is about 80% of that of a single crystal, and
GB can be estimated as 2c/coshcosu [11], where c is the effective surface free energy of cleavage plane and u is
the tilt crystallographic misorientation. The results of Eq. (13) are shown in Fig. 5, with both of h and u being
set to 20�. It can be seen that, due to the grain boundary effect, there is an about 5–15% increase in fracture
resistance, depending on the film thickness and the contour of penetrating crack front. As the film thickness
increases, since more grain boundary would be involved in the front transmission, both of R and oR/oa vary,
and thereby the critical condition of Eq. (10) is more difficult to reach, leading to a higher Gcr. This size effect is
more pronounced when the film thickness is smaller. As the film thickness approaches the level of the crack
length, the grain boundary toughness becomes quite insensitive to it. Note that, when t is large, there can be
more than one break-through points along the boundary, and thus the size effect would be ‘‘saturated’’ and
this model is no longer valid.

Through Fig. 5, it is clear that eG is also affected by the crack length, a0; that is, Gcr is not a material con-
stant. The fracture resistance of a grain boundary is smaller for a longer crack. Without considering other fac-
tors, as a0 tends to infinity, the excess fracture resistance caused by the grain boundary converges to 0, and
thus Gcr! GB. The crack length dependence is a typical result of the R-curve analysis, which reflects the com-
plexity of the fracture behavior of heterogeneous materials. At the tip of a longer crack, the grain boundary

Fig. 5. The excess grain boundary resistance as a function of the film thickness.
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width looks ‘‘smaller’’, and eventually when a0� t only the crack length independent part of the fracture
resistance caused by the crystallographic misorientations remains.

The factor of the contour of the penetrating crack front, which is characterized by b, comes in by affecting
the increasing rate of the R-curve and the effective crack growth distance. The larger the value of b, the ‘‘shar-
per’’ the penetrating cleavage front is. Note that when b = 0.5 the penetrating crack front is a part of a circle
and when b = 1 the front consists of straight lines. As b increases, with the same width of break-through win-
dow, w, more cleavage facet would be produced in grain ‘‘B’’ before the grain boundary finally fails. On the
other hand, less grain boundary area would be involved in the front transmission, which tends to lower the
grain boundary toughness. Fig. 5 indicates that the former mechanism is more important. The value of b
can be estimated based on the contour of river markings, which has been determined to be about 0.6 in a pre-
vious analysis for an iron–silicon alloy [14]. In the current study, b is taken as a material constant in the range
of 0.4–0.8. As b increases from 0.5 to 0.8, Gcr increases by a factor of about 2. The details of the front pen-
etration are still under investigation. It is likely that b is dominated by the stress field, loading rate, as well as
the local microstructure.

Fig. 6 shows the normalized grain boundary resistance, eGcr ¼ Gcr=ð2cÞ, as a function of the crystallographic
misorientations, where b and t/a0 are set to 0.7 and 0.05, respectively. The value of eGcr increases with both the
twist and the tilt angles, while the influence of the former is more significant. This result is consistent with the
experimental observation of the cleavage cracking across a field of randomly misorientated grains [12].

For a number of engineering applications, an approximate regression equation can be useful for a quick
assessment of fracture resistance. According to Eq. (13), with a given b, the grain boundary toughness is a
function of fbG;~tg, where bG ¼ eGB=b tan h and ~t ¼ t=a0. Since as bG tends to 0, eG !1; and as ~t is infinitesimal,eG ! 0, the numerical results may be expressed as a two-power-law equation

eG ¼ f1
bGf2~tf3 ð14Þ

where fi (i = 1,2,3) are parameters obtained by the least mean square method, and their values are given in
Table 1. Note that f2 must be negative. The factor of bG collectively captures the material properties and the
microstructures, such as the crystallographic orientations, fracture resistance of crystal plane, as well as the
geometry of the crack front. The factor of ~t reflects the size effect, including the influences of the film thickness
and the crack length.

It is clear that the above discussion gives only a first-order estimation of the grain boundary toughness.
A number of details associated with the crack front transmission, for instance the effect of anisotropy, the nat-
ure of grain boundary shearing, and the competition between crack front penetration and break-through win-
dow expansion, are not taken into account. The critical condition is taken as the onset of the unstable crack
growth. Any post-critical dynamic effect is beyond the scope of the current study. Furthermore, the assump-
tion that the material is purely brittle makes this model irrelevant to ductile materials. Nevertheless, this inves-
tigation predicts the size dependence of the fracture resistance of polycrystalline thin films, which provides a
basis for the experimental study. Note that in the above discussion, it is assumed that the grain boundary is

Fig. 6. The excess grain boundary resistance as a function of the crystallographic misorientations.
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separated apart simultaneously as the cleavage front bypasses it. The associated increase in fracture resistance
is about 5–15% of crystallographic resistance, which is relatively small compared with experimental observa-
tions [17,18]. Since the crack trapping effect of the grain boundary is ignored, the result of Gcr should be
regarded as a lower estimate. If the grain boundary is assumed tough, i.e. the persistent grain boundary areas
do not fail even after the crack front transmits into grain ‘‘B’’, the crack trapping effect can offer a much higher
resistance increase around 100% [19], which should be taken as an upper estimate. The actual grain boundary
toughness is likely in between of them.

4. Conclusions

The fracture resistance of a through-thickness grain boundary to cleavage cracking in a silicon thin film is
investigated in context of R-curve analysis. The cleavage front first penetrates across the grain boundary in a
break-through window. The grain boundary fails as the critical penetration depth is reached such that the
increasing rate of fracture resistance is lower than that of the crack growth driving force. This model gives
a lower estimate of the grain boundary toughness. The following conclusions are drawn:

1. For microcracks shorter than 500 times of the film thickness, the excess fracture resistance of grain bound-
ary must be taken into consideration.

2. Due to the nonuniform nature of the cleavage front transmission across grain boundary, the grain bound-
ary resistance is increased by about 5-15% compared with that of single crystal.

3. The fracture resistance of grain boundary increases with film thickness.
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