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Abstract—Cracks in thin films caused by residual tension are examined. Attention is focused on
film cracking. subject to either interface debonding or substrate cracking. For crack channeling
along the film, the driving force is found to depend on the channel cross-section, as governed by
the fracture properties of the interface and the substrate, in addition to known effects of film
thickness. residual stress and elastic moduli. The critical film thickness needed to avoid cracking is
determined to be lower if the crack extends into the substrate. Conditions for thin film spalling and
constrained debonding are prescribed. Finally, the T-stress is used to account for crack branching
in substrates.

1. INTRODUCTION

Thin films deposited on a substrate are usually subject to residual stress, with a misfit striin
g9 For example, if the thermal expansion coefficient of the film differs from that of the
substrate, the misfit strain is biaxial, having magnitude

£y = (b —b)AT, (D

where AT is the temperature drop and b the thermal expansion coeflicient ; the subscripts
fand s indicate film and substrate, respectively. The misfit stress in the film is also biaxial,
with magnitude

6y = £ B /(1 —vp), (2)

where E; is the Young's modulus and v, the Poisson’s ratio. The residual stress is tensile
when the thermal expansion coefficient for the film is larger than for the substrate, and is
given explicitly by eqn (2) when the film is much thinner than the substrate. Thin films in
residual tension are considered in this paper.

Many cracking patterns in film-substrate systems have been observed and analysed
(Evans er al., 1988 ; Hutchinson and Suo, 1992). A crack nucleates from a flaw either in
the film or at the edge, and propagates both towards the interface and laterally through the
film. Depending on the material, the crack may stop at the interface (Fig. la), penetrate
into the substrate (Fig. 1b), or bifurcate onto the interface (Fig. Ic). These cracks then
channel laterally. After the channel length exceeds a few times the film thickness 4, a steady
state is reached, wherein the entire front and the cross-section in the wake maintain their
shape as the crack advances. When the steady-state channel extends by unit length, the
potential energy decreases by (Suo, 1990 ; Ho and Suo, 1991)

oo [*
U = ? (S(.f) d.\f, (33-)
2 Jo
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a) Film Cracking

b) Substrate Penetration

c) Interface Debonding

Fig. 1. (a) A channeling crack within o thin film. (b) A channeling crack penetrating into the
substrate. (¢) A channeling crack with interface debonding.

or by (Gille, 1985; Hu and Evans,. [988)
W = J(/}(u) da, (3b)

where (x) is the separation of the cracked film in the wake, 9 (a) is the energy release rate
of a plane strain crack, and the integration in eqn (3b) is over all cracks in the cross-section
of the wake.

Previous studies have assumed that the channel bottom is a sharp crack front lying
on the interface (Fig. la). However, in practice a film crack may either extend into the
substrate (Fig. 1b) or bifurcate along the interface (Fig. 1¢). depending upon the relative
fracture energies of thin film, substrate and interface. Such microscopic features relax the
constraint of the system and increase the separation d(x) which, in turn, increases the
driving force %. Consequently, the loss of constraint lowers the critical residual stress
needed to drive the channel crack. Explicit determination of these effects is the subject of
this article.

Consider an ideally constrained channel in the film (Fig. la). The potential energy
decrease for the channel to extend unit length, #, equals the energy released at the channel
front, # 4. Dimensional arguments lead to

hG. =W = (aih*|E)X, (4)

where £, = E;/(1 —v?), and I is dimensionless and depends on elastic mismatch, as cal-
culated by Beuth (1992) for the channel confined in the film.
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Table 1. Fracture energies for typical film/substrate combin-
ations

Matenal Fracture energy (Jm~%)  Film/substratet
6

S F.S

GaAs 24 F.S
SiO. 6 F
SiC 20 F
Si,N, 1040 F
ALO, 10-30 S
Cu 10* F
Al 10? F

Ni 10* F.S
Polyimide 10° F

t F refers to film, S refers to substrate.

Let I'; be the fracture energy of the film, and define a non-dimensional cracking number,
Q. as
Q = oih/ET. (5

The channel grows if %, = I'r. Consequently, for the ideally constrained channel to grow.
Q. = I/Z. Once Q. has been established, it defines a critical film thickness below which film
cracking is prohibited

he = Q(Err,/af,)‘ (5a)

Determination of . is the principal objective of this paper.

The material propertics that dominate the conditions for film cracking, through their
influcnce on the magnitude of Q, are the system fracture energics and the clastic mismatch
parameters. The relevant fracture energics [ are I/ and [/, where the subscripts i, f
and s refer to the interface, film and substrate, respectively. Typical values for I and T,
are indicated in Table 1 for substrate and film combinations of technological interest. The
interface fracture energy [, is sensitive to details regarding the substrate surface, as well as
the film deposition and post anncaled processes. Values in the range 01-100 JM "2 have
been measured for various systems (Reimanis er @l., 1991 ; Evans er al., 1990).

2. PLANE STRAIN PROBLEMS

The elastic mismatch is characterized by the two Dundurs’ parameters

oo A= =wdpe L (=2v)/ = (= 2v) 1
(L=v)/m+ (1 =v) e’ 2 (I=v)u+(=v)/p

(6)

where p is the shear modulus and v the Poisson’s ratio. For typical film/substrate com-
binations, « and f§ tend to be interrelated, such that f ~ /4 (Evans er al., 1990) with x
ranging between 0 and 0.7. In the computational results reported below, v, = v, = } (equi-
valently, fi = a/4).

The plane strain problems pertaining to the wake of the channel, shown in the insets
of Fig. 2, provide the information needed to determine the potential energy decrease for
channel cracking, %. Each material is taken to be isotropic and linearly elastic, the substrate
is semi-infinite and, by using Eshelby arguments, the stress intensity induced by the misfit
stress must equal that induced by an applied traction of the magnitude.

For linear elastic problems, the plane strain energy release rate ¥ is quadratic in the
residual stress and dimensional considerations show that

4 = (o3h/Ew, )]

where w is a dimensionless number depending on a/k, @ and 8. A few mathematical
considerations capture the main features of the solution, as follows.
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The stress field for a crack perpendicular to the interface, with the tip at the interface,

is given by Zak and Williams (1963). The singular term is
o, ~ Kr=£,(6). ®)

where (r. 8) is the polar coordinate centered at the tip, and f,, are dimensionless angular
distributions. The scaling factor, K, is analogous to the regular stress intensity factor, but
having different dimensions [stress) {length])’. The exponent s (0 < 5 < 1) is the root to

cos(sn)—Z[?:—g](l-s):-f—[T:ﬁ;] =0. 9)

Table | lists s for given values of 2. Dimensionality and linearity require that
K~ ok, (10)

with the pre-factor dependent on x and f§ only.

Now consider a crack perpendicular to the interface, but with the crack tip either in
the film or in the substrate (Figs 2a.b). As a/h — 1, the stress field far from the small
ligament |h—al behaves as if the crack tip were on the interface and is governed by R At
the crack tip, however, the stress field is square root singular and is scaled by the regular
stress intensity factor K. Linearity requires that

K~ RKlh=a)'?. (1)

Combination of eqns (10) and (11) gives

- (L—=a/i)'? “alh =1~
Kioo/h ~ {(l —hja)* " afh = 1" (12

2.1. Crack tip in the film
Fora crack tip in the film (Fig. 24), Beuth (1991) has shown that, subject to %; = K/ £,

wr = 39511 —n)' ¥ (144,107, (13)

where wy is the dimensionless number detined in eqn (7)., = a/h and 4, is a fiting
parameter to the full numerical solution (Table 2). The pre-fuctor is chosen such that,
as n,— 0, eqn (13) approaches the classical solution of an edge crack in a semi-infinite
homogeneous plane. Notice that the normalized energy release rate wy increases with «,
confirming the known behavior that a compliant substrate attracts cracks more than a stiff
substrate.

2.2, Crack tip in the substrate
For a crack that penctrates into the substrate (Fig. 2b) by using %, = K*/E,, our finite

clement results can be expressed as

dr

oy =~y (B Endsin ' (Un)(L=n )2 (1+ Aa/m)], (14)
Table 2. (v =v, =L or fi = 2/4)
x -099 -08 06 —04 ~02 0 0.2 0.4 0.6 08 099

5 0312 0350 0.388° 0425 0462 0500 0542 0591 0654 0744  0.940
/iy —0.0894 —0.0784 —0.0627 —0.0437 —0.0224 0 0.0215 0.0389 0.0465 0.0335 —0.0257
A 1.O87  0.711 0429 0211 0.0201 -0.136 —0.296 —0.440 —0.584 —0.708 —0.962
Ay 2220 195t 1.615 1.282 0957 0496 0.660 0.666 0.796  1.268

‘s 2391 2570 2594 2392 2017 1.336 1217 0918 0.694  0.521

sas 29-21-D
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where w, is the dimensionless number defined in eqn (7). 1 = a,/A, and the fitting parameter
A, 1s listed in Table 2. The pre-factor ensures that, as n, — oc eqn (14) approaches the
solution of an edge crack in a semi-infinite plane loaded by a pair of point forces {Tada et
al., 1985). Since the residual stress is localized in the film, the energy release rate decreases
rapidly as the plane strain crack extends into the substrate.

2.3. Interface crack

When the crack extends along the interface (Fig. 2c). even though stresses are oscil-
latory at an interface crack tip, the energy release rate ¢, still has the usual interpretation.
Finite element calculation provides the following approximation :

l ,]1 Lo - - . -
o=y ) T nese =) 15

where w; i1s the dimensionless number defined in eqn (7) and n, = «,/h. The two parameters,
Ay and 4,, used to fit the finite element solutions are listed in Table 2. The pre-factor ensures
that the solution is exact as n, — 0. For systems having films stiffer than substrates (z > 0),
w;, monotonically decreases to a constant level, w, = 0.5. For such systems, the interface
debonds, unless the crack can either blunt or extend into the substrate. For more compliant
films (2 < 0), a maximum ), exists, suggesting a condition wherein debonding could not
occur provided that the interface toughness exceeds a critical level.

3. CHANNEL CRACKS

3.1, Brittle substrates
When the substrate is brittle, the crack in the film may penctrate into the substrate
(Fig. 1b). Thus, # can be obtained by substituting cqns (13) and (14) into eqn (3b) Lo give

uE, !
=L = wdy+ w, dn,. (16)
0 |

s
ah”

For a unit advance of the channel, the potential energy is balanced by the energy needed
to create crack surfaces

Y = hlCe+(a,— T, (17

where [;and T, are fracture energies for the film and substrate, respectively. At the bottom
of the channel, the energy release rate must equal the fracture energy of the substrate,

¢ =T, (18)
Equations (17) and (18) can be rewritten in nondimensional forms
Q. =[1+(I/C)(pr=D]/E (19a)

and
wl. =T/ (19b)

where Q. is defined by cqn (5). Equations (19a, b) can be solved to give the channel depth
into the substrate, n*[= (a/h)*]. and the critical cracking number, Q.. as a function of both
I/ and the Dundurs’ parameter, 2. Both equations are nonlincar in 1. since L and w,
depend on 7,

It is apparent from Fig. 3a that the crack depth into the substrate increases gither as
the relative substrate fracturc energy. I'./T'.. decreases or as « increases. The cracking
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Fig. 3. The effect of substrate fracture energy and elastic mismatch on (a) the steady-state
crack depth and (b) the film cracking and non-cracking regimes, expressed through the cracking
number, Q..

number Q. decreases as small '/ (Fig. 3b), reducing the critical film thickness, #.
However, it is also of importance to note that Q, is essentially invariant when [/ 3 1.
This is consistent with the prediction that crack penetration into film is negligible when
[/ X 1 (Fig. 3a). Conscquently, the substrate fracture propertics arc only important when
the substrate has appreciably less toughness than the film.

3.2. Weak interfaces

Denote I'; as the fracture energy of the interface at the phase angle pertinent to interface
debonding [52° when film and substrate have similar elastic constraints; see Fig. 53 in
Hutchinson and Suo (1992)]. The non-dimensional energy release rate for an interface crack
quickly approaches an asymptotic value, w; = 0.5 (Fig. 2¢). For practical purposes, this
prescribes the critical cracking number defined in eqn (5) as

Q. =20/T. (20)
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The interpretation of this result is as follows. For Q. > 2IT/T";, the debond extends without
limit and the entire film spalls off as the crack extends across the film, (Fig. 4a). This
condition does not depend on the Dundurs’ parameter, a.

Another limit coincides with the condition for the avoidance of cracking. This limit
arises when 7, = 0 (Beuth, 1992)

1
Q=-——. (21

1
j wedn;
0

This condition depends on « (Fig. 4b). A map that combines the above information is
shown in Fig. 4¢ for the case @ = 0. The area indicated by edge cracking indicates that thin
film cracking is avoided, but [ is so low that interface debonds from the edge of the film.
It is noted that constrained debonding does not reduce €. appreciably, so that Fig. 4b is
sufficient for practical purposes.

4. CRACK BRANCHING IN THE SUBSTRATE

After a crack penetrates into a brittle substrate, it bifurcates (Drory and Evans, 1990)
(Fig. 5). To account for this phecnomenon, the concept of the T-stress is used. For a mode
I crack, the Williams expansion defines T-stress as

>

\/27zr

o,(r.0) = O+ To, (22)

where 7 is the stress acting parallel to the crack. A crack in an isotropic, homogencous,
brittle solid normally selects a trajectory with mode 1 loading. The crack perpendicular to
the interface, with tip in the substrate, is indeed under mode . According to Cotterell and
Rice (1980), a mode I crack is directionally stable if T < 0, but unstable if 7> 0. With this
concept in mind, the T-stress after a crack penetrates into the substrate was computed using
finite elements (Fig. 5). It is apparent that conditions exist near the interface with T > 0.
Cracks in the substrate near the interface thus appear to be unstable. The observed bifur-
cation may be plausibly explained by this effect. Noticing that the singular term in (22)
vanishes in crack flanks and, in particular, f,, (+n) = 0, we compute o, using finite element
along the flanks, near the crack tip, which approaches T. Fine meshes at the crack tip are
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used which are varied and refined to ascertain mesh insensitivity [see Sham (1991) for more
sophisticated methods for computing T-stress].
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