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With the help of atomic force microscope, Y2O3 thin films deposited on GaAs�111� substrates have been
evidenced to buckle and to crack at the top side of the wrinkles. This morphological evolution has been
explained in the framework of Föppl–von Karman’s theory of thin plates integrating two elements: the pre-
existing grain and subgrain boundaries in the films leading in the early stage of buckling phenomenon to a first
folding effect and in their last stage of evolution; the cracking of the buckles from the previously formed folds.
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For the last few years, the classical Föppl–von Karman
�FvK� theory of thin plates has been popularized in the field
of materials science and engineering since it has been inten-
sively used to investigate a plethora of buckling patterns ob-
served at the mesoscale on the surface of thin films deposited
on substrates. For a wide range of materials and structures
which are of fundamental technological interest, the forma-
tion of different morphologies such as circular blisters,
straight-sided wrinkles, or telephone cords has been charac-
terized within this framework.1–8 Recently, the notion of
low-angle tilt-boundary commonly used in microscopic
theory of crystal plasticity has been integrated in FvK’s
theory of thin plates elaborated in the framework of elasticity
to explain the plastic folding of buckling patterns observed
on the surfaces of polycrystalline gold thin films deposited
on silicon substrates.9 The problem of ridge-cracked buckle
delamination for thermal multilayers on flat and curved sub-
strates was already studied by Faulhaber et al.10 It has been
found that the widths are smaller for cracked buckles on
convex substrates than for uncracked buckles on flat sub-
strates. When cracks are present, it has been also demon-
strated that the critical stress for buckling is reduced to one
fourth of the value obtained in the case of uncracked
wrinkles.11 Finally, it can be emphasized that the influence of
the thin-film microstructure on surface damages has been
recently addressed.12 It has been shown that the Si content of
Ti-Si-N films significantly reduces the appearance of buckles
with cracks at their midpoint. In the present work, it is shown
that pre-existing grain boundaries can initiate buckling and
blister cracking. This Brief Report is organized as follows.
The atomic force microscopy �AFM� observations of cracked
wrinkles have been presented. In order to model this mor-
phological evolution of the films, the equations of FvK’s
theory of thin plates have been solved in both cases: one
wrinkle resulting from buckle splitting due to crack propaga-
tion and one wrinkle sustaining grain boundary-induced fold-
ing. A scenario describing the whole morphological evolu-
tion of the films from planar to cracked wrinkle
configurations has been finally elaborated.

Y2O3 220-nm-thick films have been deposited by a sput-
tering method on GaAs�111� substrates. As evidenced by
AFM �Ref. 13� in Figs. 1�a� and 1�b�, the as-deposited films
exhibit straight-sided buckling wrinkles characterized by a
strong bending at their top side. In Figs. 1�b� and 1�c� �in-
sert�, it is observed that these folds are sometimes associated
with nanometer-scale cracks partially splitting the film. Ac-

cording with these experimentally observed one-dimensional
buckles, a straight-sided wrinkle of width 2b is considered
along �0y� axis of a thin film of thickness h �see Fig. 2�a� for
axis�. Since the Young’s modulus of the film
�Ef =180 GPa� is about two times greater than the one of the
substrate �Es=86 GPa�, the elastic effects of the substrate
have been neglected and the substrate has been assimilated to
a rigid support.4,14 The initial compressive stress tensor in the
planar thin film is defined as follows: �xx

0 =�yy
0 =−�0, where

�0 is a constant. The total stress tensor in the film after
buckling is thus labeled �ij

tot=�ij
0 +�ij, where �ij is the stress

variation due to the morphological change. The components
of displacement variation in reference state along x, y, and z
directions are, respectively, labeled u, v, and w. Since the
wrinkle is assumed to be infinite along �0y� axis, the dis-
placement field �u ,v ,w� only depends on x variable, the v
component being zero. Within the framework of nonlinear
FvK’s theory of thin plates, the w component of displace-
ment satisfies7

d4w

dx4 + �2d2w

dx2 = 0, �1�

where � is defined as �=�h��0−�xx� /D, with D
=Efh

3 / �12�1−� f
2�� as the bending stiffness and � f as the

Poisson’s ratio of the film. �u ,w� also satisfies the compat-
ibility equations,

du

dx
+

1

2
�dw

dx
	2

=
1 − � f

2

Ef
�xx, �yy = � f�xx. �2�

In the following the energies associated with the cracked and
planar configurations are compared. For sake of simplicity,
the case of a half wrinkle has been studied �see Fig. 2�b��. As
a consequence, the stress inside the film is assumed to be
fully relaxed, which leads to �xx=�0. One thus takes �=0 in
Eq. �1�. The displacement field still only depends on x, the v
component being zero. The boundary conditions reduce to

u�0� = u�b� = w�b� = 
dw

dx



x=b
= 0, 
dw

dx



x=0+
= − � , �3�

with � the positive angle characterizing the slope of the film
near the crack edge. From Eqs. �1�–�3�, one gets for x�0

PHYSICAL REVIEW B 78, 153411 �2008�

1098-0121/2008/78�15�/153411�4� ©2008 The American Physical Society153411-1

http://dx.doi.org/10.1103/PhysRevB.78.153411


u�x� =
1 − � f

2

Ef
�0x −

1

2b6�b6�2x − 2b4��2b� − 3��x2

+
2

3
b2�18�2 − 30b�� + 11b2�2�x3

− 3b�6�2 − 7b�� + 2b2�2�x4 +
9

5
�b� − 2��2x5� ,

�4�

w�x� =
2� − b�

b3 x3 +
2b� − 3�

b2 x2 − �x + � , �5�

with �= ��+�15�16�1−� f
2��0 /Ef −�2�b /12.

The total elastic energy variation �Eel
hw=�Ebe+�Est can

be computed, with �Ebe and �Est the bending and stretching
energy variations, respectively, defined with respect to planar
configuration and per unit length along �0y� axis;15

�Ebe =
Efh

3

24�1 − � f
2�



−b

+b �d2w

dx2 	2

dx , �6�

�Est =
h

2



−b

+b �− 2
du

dx
+

Ef

1 − � f
2�du

dx
	2

− �0�dw

dx
	2

+
Ef

1 − � f
2�dw

dx
	2du

dx
+

Ef

4�1 − � f
2��dw

dx
	4�dx . �7�

For a half wrinkle, using Eqs. �4�–�7�, the total elastic energy
variation with respect to the planar configuration and per unit
length has been determined to be

FIG. 1. �Color online� �a� Three-dimensional �3D� AFM topographical mode observation of buckles �Ref. 13�. �b� Two-dimensional �2D�
AFM signal error mode image of the crack at the top side of one of the wrinkles. �c� The theoretical profile of the wrinkle
�x=x+u�x� , w�x�� is superimposed to the cross section of the cracked thin-film profile for an angle �expt=20° and for a stress
�0=3.90 GPa. Insert: experimental buckling profile characterized by a fold and a nanometer-scale crack at its top side.

FIG. 2. �Color online� �a� A half wrinkle of thickness h and
width b resulting from buckle splitting due to crack propagation. �b�
A straight-sided wrinkle of width 2b undergoing plastic folding. A
subgrain boundary made of a distribution of edge dislocations is
displayed in the middle of the film which is responsible for the
crystal folding.
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�Eel
hw = −

1 − � f
2

2Ef
bh�0

2 −
h3

144�1 − � f
2�b

	�5�15��16�1 − � f
2�Ef�0 − Ef

2�2 − 11Ef�
2

− 120�0�1 − � f
2�� . �8�

Finally, the total energy variation �Etot
cw associated with the

complete cracking and splitting of the wrinkle due to crack
propagation is �Etot

cw=2�Eel
hw+2
h, with 
 the toughness per

unit length along �0y� axis. Since the positive and constant
energy term due to thin-film cracking 2
h is only respon-
sible for a vertical shift in energy that will not modify the
results presented in this Brief Report, it has been discarded
and only the energy term redefined as �Eel

cw=2�Eel
hw of the

cracked wrinkle has been considered in the following. In this
first part, the microstructural defects of the film have not
been considered. However, the thin films elaborated by
physical vapor deposition contain a large number of grain
and subgrain boundaries resulting in rotations and high inter-
nal stresses.16–20 For specific grain and subgrain boundary
orientations, these internal stresses may be locally relaxed by
a plastic folding of the buckling structure characterized by
the angle �.

In the following, assuming that the grain and subgrain
boundaries in the material may be responsible for a folding
effect while buckling �see Fig. 2�b��, the energy variation
associated with the buckling and folding of the film has been
calculated with respect to the planar configuration. The
boundary conditions are now defined by

u��b� = w��b� = 
dw

dx



x=�b
= 0, 
dw

dx



x=0�

= � � �9�

and

�dM

dx
− �2D

dw

dx
�

�x��b
= 0 �10�

in the hypothesis where no vertical load is considered along
the buckle,21 with M =�−h/2

+h/2z�xx
totdz as the moment. Consider-

ing Eqs. �1�, �2�, �9�, and �10�, the nonzero components of
displacement field �u ,w� have been found to be for x�0

u�x� =
1 − � f

2

Ef
��0 − �2h2 Ef

12�1 − � f
2��x

+
�2

8� sin2 �b
�sin 2��x − b� + sin 2�b − 2�x� ,

�11�

w�x� =
�

�
� 1

sin �b
− cot �b cos �x − sin �x� . �12�

Equivalent expressions have been determined for u and w
when x
0. The discrete set of � values is determined as a
function of �0, � and b ,h ,Ef, and � f parameters solving the
compatibility Eq. �2�,

2�b − sin 2�b

8�b

�2

sin2 �b
=

1 − � f
2

Ef
��0 − �2b2 Ef

12�1 − � f
2�

h2

b2� .

�13�

Once the � coefficient and elastic displacements are com-
pletely determined, one gets using Eqs. �6�, �7�, and �11�–
�13�,

�Eel
fw =

Efh
3�2�

48�1 − � f
2�

2�b + sin 2�b

sin2 �b
−

h

288Ef�1 − � f
2�� sin2 �b

	��b�− Ef
2�4h4 + 24Ef�1 − � f

2��0��2h2 + 6�2�

− 144�1 − � f
2�2�0

2�

+ �b�Ef�
2h2 − 12�0�1 − � f

2��2cos 2�b

− 72Ef�1 − � f
2��0�2 sin 2�b� , �14�

with �Eel
fw, the total energy variation associated with the for-

mation of a plastically folded wrinkle. The total energy
variations �Eel

cw and �Eel
fw have been plotted as a function of

� in Fig. 3 using the following parameters deduced from
experimental data: Ef =180 GPa, � f =0.29, �0=3.90 GPa,
h=220 nm, and b=2860 nm. It is found that for low-angle
values, i.e., for ��19.77°, �Eel

fw is negative and lower than
�Eel

cw. For ��19.77°, the compatibility Eq. �13� does not
provide any value of � coefficient such that the plastically
bent wrinkle cannot exist anymore for such high values of
folding angle �. As a consequence, the wrinkle cracking ap-
pears as a probable evolution of the structure since �Eel

cw is
still negative for ��19.77°.

The following scenario of the thin-film evolution can be
then proposed. In the first stage of the buckling phenomenon,
that is, for �� �0,19.77°�, the first energetically favorable
plastic mechanism suspected to occur is the folding of the
film due to grain and subgrain boundaries. For ��19.77°,

FIG. 3. �Color online� �a� �Eel
cw and �Eel

fw versus �
for h=220 nm, b=2680 nm, Ef =180 GPa, � f =0.29, and
�0=3.90 GPa.
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the second step of plastic deformation is the cracking of the
wrinkle from the previously created fold. This scenario ex-
plains the formation of the cracked wrinkle observed in Figs.
1�a� and 1�b� with an estimated angle �exp of the order of
20°. The theoretical profile of the split wrinkle given by Eqs.
�4� and �5� has been finally superimposed to the experimental
one in Fig. 1�c�. It can be observed that both profiles cor-
rectly match. It is suspected that the amplitude mismatch
between both experimental and calculated profiles displayed
in this Fig. 1�c� may be reduced by taking into consideration
the elasticity of the substrate and assuming that the film is

partially cracked as it has already been done in Ref. 21 using
spring models.

In summary, it is found that the buckling patterns experi-
mentally observed on the surface of Y2O3 thin films depos-
ited on GaAs�111� substrates may be explained by consider-
ing two successive mechanisms of plastic deformation: the
formation, in the early beginning of the buckling phenom-
enon, of a plastically folded buckle due to pre-existing grain
and subgrain boundaries and from these precursor folds, the
nucleation and propagation of cracks leading to wrinkle
splitting.
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