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Abstract

The structural integrity of thin-film multi-layer structures that are used, e.g. in displays are of paramount importance. Layer buckling and

delamination is a common interfacial failure phenomenon in these structures. In this paper plasma enhanced chemical vapor deposition has been

used to grow a silicon nitride layer (Si3N4), 400 nm thick, on a high temperature aromatic polyester substrate spin coated with a silica–acrylate

hybrid coating. Two-loading mechanisms are discussed: biaxial-compressive residual stress and uniaxial-compressive external stress. The

influence of loading mechanism and level of adhesion on buckle morphology has been investigated. Telephone-cord and straight buckling are

observed when the layer was under biaxial-compressive residual stress while circular buckling is observed when the layer was under additional

uniaxial-compressive external stress. Oxygen plasma treatment is found to enhance buckling of the Si3N4 layer from the polymer substrate. The

buckle width and heights are found to increase with the uniaxial-compressive external strain.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Flexible displays are multi-layered structures consisting of a

polymer-based substrate sandwiched between a number of

functional layers that act as a gas barrier layer, e.g. an inorganic

thin layer, and a transparent conducting oxide layer. For

flexible displays the mechanical integrity of these multi-layer

structures and their reliability is important. Each layer has its

own material properties that contribute to the mechanical

response of the complete structure. Generally, the inorganic

layers have a higher elastic modulus and a lower thermal

expansion coefficient as compared with the polymer substrate.

As a result of this dissimilarity and the high deposition

temperature, residual stresses are present in the layered

structure. High compressive stresses in the thin layer in
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combination with insufficient adhesion at the interface can

cause the layer to buckle and to delaminate from the substrate.

These buckling phenomena are undesirable from a functional

and reliability point of view and therefore should be avoided.

In the framework of buckling theory for a beam clamped on

both edges, numerous buckle morphologies have been studied

for various thin layer structures on substrates, often neglecting

the effect of the substrate’s deformation [1–7]. Recently,

Cotterell and Chen [8] and Yu and Hutchinson [9] have shown

that for a stiff layer buckled from a compliant substrate under

compressive strain, the elastic energy release rate from the

substrate can be more than an order of magnitude greater than

the value obtained neglecting the substrate’s deformation. The

more compliant the substrate, the easier for the layer to buckle

and the higher the energy release rates. Buckling of metallic

thin layer from a polymer substrate under tensile stresses has

also been reported [10].

The process of buckle formation and subsequent buckle

growth can be explained as a release of elastic strain energy
2006) 167 – 176
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Table 2

An overview of the results

Layer

thickness

hf, Am

Substrate

curvature

R2, mm

Residual stress in

the layer rf, GPa

Oxygen

plasma

treatment

Buckle

morphology

0.2 188T6 1.03T0.03 + Intact

0.3 98T3 1.42T0.04 + Telephone-cord,

straight

0.4 123T40 0.92T0.23 + Telephone-cord

0.2 188T6 1.03T0.03 � Intact

0.3 98T3 1.42T0.04 � Intact

0.4 123T40 0.92T0.23 � Intact

Estimation of the residual stresses induced in the Si3N4 layer during deposition

using Röll analysis and measured substrate curvature. Layers were deposited

with and without oxygen plasma treatment. Buckle morphology results from

layer processing.
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stored in the layer. This reduction results from relaxation of

stress components in the layer (rxx and ryy), therefore, the

stress components in the layer are considered parameter in

layer buckling and delamination. In this paper attention is paid

to the influence of loading mechanism and level of adhesion on

buckle morphology. Different types of buckle profiles are

presented and the buckle evolution mechanism associated with

the applied stress is discussed.

2. Experimental details

2.1. Materials

The material system consists of a polymer substrate

(Arylitei) spin coated on both sides with a silica–acrylate

hybrid coating (hereafter referred to as ‘‘Hard Coat’’). These

layers improve the mechanical properties of the layered

structure and act as a solvent barrier.

Plasma enhanced chemical vapor deposition has been used

to grow silicon nitride layers (Si3N4) on the Hard Coat. This

layer acts as a gas barrier. To achieve different levels of

adhesion, the Si3N4 layers were deposited with and without

oxygen plasma treatment of the Hard Coat surface prior to

layer deposition.

A summary of the material parameters and thickness is

given in Table 1. The elastic modulus of the Hard Coat was

derived from the moduli of a 12 Am thick PET substrate spin

coated with and without a 1.03 Am thick Hard Coat [11]. The

elastic modulus of the substrate material has been measured

using a homemade nanoindentation device described in Ref.

[12].

Two-loading mechanisms will be introduced: a layer under

biaxial-compressive residual stress and a layer under uniaxial-

compressive external stress.

2.2. Layer under biaxial-compressive residual stress

The residual stresses induced in the Si3N4 layers during

deposition rf, have been estimated using the analysis of Röll

[13]; which accounts for the elastic modulus of the layer:

rf ¼
Es

6 1� msð Þ
h2s
hf

1

R2

� 1

R1

��
1þ hf

hs
4
Ef

Es

� 1

�� ��
ð1Þ

where Es, ms and hs are the elastic modulus, Poisson’s ratio and

thickness of the substrate, respectively, Es, hf are the elastic

modulus and the thickness of the layer, respectively. R1 and R2

are the radius of curvature before and after deposition of the
Table 1

Material constants

Material Elastic modulus,

GPa

Poisson’s

ratio

Thickness, Am

Arylitei 3.0 0.38a 200

Hard Coat 6.5 0.3a 3

Si3N4 layer 150* 0.3a 0.2, 0.3 and 0.4

a Estimated values [11].
layer, respectively. Since the bare substrate was flat, we used,

R1;0. The substrate radius of curvature R2 has been measured

by placing the specimen under an optical microscope and

making an image of the substrate curvature. From the image

the radius of curvature was determined by image processing

analysis. Using the data reported in Table 1, the residual

stresses in the thin layer rf were calculated from Eq. (1) and is

given in Table 2.

For a layer clamped on both edges, buckling may occur

when the compressive stress exceeds the critical buckling

stress, which is given by [1]:

rc ¼
k2Ef

12 1� m2f
� � hf

b

�� 2

ð2Þ

where Ef, mf and hf are the elastic modulus, Poisson’s ratio and

thickness of the layer, respectively, and b is the half width of

the buckle (Fig. 1).

Therefore, in thin-film mechanics a high residual stress in

the thin layer in combination with insufficient adhesion at the

interface can be sufficient to initiate layer buckling without

externally applied stress [14,15].

2.3. Layer under uniaxial-compressive external stress

A mechanical bending device, shown in Fig. 2, has been

used to apply deformation with constant curvature over a

length of about 2.5 cm to the layered structures. As a result, the

substrate is loaded in tension at the outer surface and in

compression at the inner surface. Changing the distance
Fig. 1. Illustration of buckling of compressed layer: (left) the layer is attached to

the substrate for residual stress below the critical buckling stress; (right) laye

buckling can occur only when the residual stress becomes equal or larger than

the critical buckling stress. The thickness of the layer and the substrate is given

in Table 1.
r



Fig. 2. The mechanical bending device used to deform the layered structure, indicated by an arrow that is mounted between two bending plates.
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Fig. 3. Confocal microscope images obtained for telephone-cord buckles

without layer cracking formed due to biaxial– residual compressive stress in a

400 nm thick Si3N4 layer with oxygen plasma treatment: (a) 2-D image and (b)

buckle profile measured along the center of the buckle, line A.
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between the bending plates will change the strain applied to the

layered structure.

For thin brittle layers on polymer substrates, the critical

strain is more representative than stress for characterizing

failure. This is due to the time-dependent behavior of the

polymer substrate, e.g., when a sample shows viscoelastic

behavior, the stress will be relaxed while the applied strain is

constant.

Assuming that the neutral line is located at the mid-plane of

the layered structure, the strain applied ( can be calculated

from Ref. [16]:

e ¼ hs þ hfð Þ
2R

ð3Þ

where hs and hf are the thickness of the substrate and the layer,

respectively, and R is the bending radius. At a constant bending

radius R, Eq. (3) gives a constant strain along the sample

length.

Again, for a layer clamped on both edges, buckling occurs

when the uniaxial–applied external stress exceeds the critical

buckling stress. Using the relation between stress and strain for

a plate with Young’s modulus E and Poisson’s ratio m (r =E( /
(1�m2)) and Eq. (2), the corresponding critical buckling strain

can be calculated by:

ec ¼
k2

12

hf

b

�� 2

ð4Þ

Layer buckling occurs to release the elastic energy stored in

the layer during deposition and/or by applying an external

stress. The elastic energy Go stored in a thin layer per unit

width is defined by [1]:

Go ¼
1

2

Ef

1� m2f
� � e2hf ð5Þ

The residual strain in the buckled layer is approximately

equal to the critical buckling strain ((o;(c) and therefore,

Gc ¼
1

2

Ef

1� m2f
� � e2chf ð6Þ

The steady-state energy release rate of the advancing buckle

Gss is an important parameter to describe layer buckling and

delamination. From a fracture mechanics point of view,
delaminatinon is expected to occur when Gss exceeds the

interfacial toughness Ci [1]:

Gss ¼ Go 1� ec
e

ih 2

� Ci ð7Þ

Dundurs [17] has defined two elastic mismatch parameters.

For our application the more important is the first parameter a
defined for plane-strain problems as:

a ¼ EfV� EsV

EfVþ EsV
ð8Þ

where, EsVand EfVare the plane-strain Young’s moduli for the

substrate and the layer, respectively. The second Dundurs’
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parameter b is well approximated for the present configuration

by b =a / 4. Note that, for an elastic layer on a rigid substrate

aY�1, for a homogenous elastic system aY0, and for a stiff

layer on a compliant substrate aY+1. In our case, the Si3N4

layer on the Hard Coat results in a =0.917. Therefore, the effect
of the substrate compliance on layer buckling should be

considered.

For a stiff layer on a compliant substrate, the elastic energy

release over a certain width of the layer still attached to the

substrate along the edge of the delamination contributes to the

buckling and delamination process. This width scales with a

characteristic length [9]: l =2hf / [1�a].
More recently, Bouten and van Gils [18] have shown

significant lowering of the critical strain for a stiff layer on a

compliant substrate. The energy balance for buckling can be

written as [18]:

2bGss ¼ 2 bþ lð Þ Go � Gcð Þ ð9Þ

In this approximation the elastic energy released from the

substrate is neglected. The right hand term describes the energy

release in the thin layer upon buckling as a function of the

effective buckle length (b+ l), which depends on the layer

thickness and the elastic mismatch. As a consequence

significantly more elastic energy is available for buckling

formation. The left hand term represents the energy required
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Fig. 4. (a) 2-D image of telephone-cord buckles of 400 nm thick Si3N4 layer on a com

layer cracking, (c) and (d) buckle profile for the telephone-cord with the layer crac
for delamination. The energy release in the thin layer upon

buckling has to exceed the energy required to form a new free

surface.

As a result, the buckle onset strain defined at a given quality

of adhesion for a compliant substrate is lower than the one

predicted by the model for a rigid substrate [1]. Apart from

that, the critical buckling strain (c will be reduced for a stiff

layer on a compliant substrate due to the rotation and the

displacement at the buckle edges.

2.4. Atomic force microscopy (AFM) and confocal microscopy

measurements

The buckle morphology and profiles were measured by

atomic force microscopy AFM (Solver-LS, NT-MDT) and

confocal optical microscopy (NanoFocus).

The AFM system is equipped with 120�120�12 Am
piezo-scanner, moving positioning stage (Ø 250 mm) and

optical system with 1.5 Am resolution. The AFM images were

obtained in semi-contact and local elasticity modes with silicon

tips (NSG01S produced by NT-MDT).

The confocal optical microscope (NanoFocusX\ ASurf\) is
equipped with a piezo-drive. The measurement field of the

microscope is depicted to 512�512 pixels. Using a measure-

ment field of 140�132 Am; a lateral resolution of 0.2 Am is
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50 µm 

Fig. 6. (a) Optical micrographs of the telephone-cord buckle with and without

layer cracking using the AFM system (the cantilever is indicated with the

arrow). (b) Telephone-cord buckle split up and formed network. Small straight

buckles are also observed (indicated with the arrow).

B
uc

kl
e 

he
ig

ht
, µµ

m

(a)

10 15 20 25

0.0

0.2

0.4

0.6

0.8

1.0

1.2  AFM buckle profile
 Fitting

Buckle width, µm

(b)

Fig. 5. (a) 2-D image of the straight buckle due to biaxial-compressive

residual stress on Si3N4 layer after oxygen plasma treatment, (b) AFM buckle

profile fitted with Eq. (10). The buckle width 2b =9.7 Am, the buckle height

w =0.88 Am.
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obtained while by means of the piezo-drive, a vertical

resolution of 0.1 Am is obtained.

3. Results and discussions

In this section, we will discuss the results of layer buckling

and delamination. An overview of the results is given in Table

2. Our focus will be mainly on buckle morphology with and

without layer cracking; different types of buckle profiles are

presented. Furthermore, the buckle evolution mechanism

associated with the applied stress is discussed.

From the AFM and the confocal microscope images no

delamination of the Hard Coat from the polymer substrate were

observed. By measuring the thickness of the delaminated layer

we found that only the Si3N4 layer is delaminated and buckled

from the Hard Coat.

3.1. Buckling and delamination of thin layer under biaxial-

compressive residual stress

There are many parameters controlling buckling and

delamination due to residual stress [19,20]; we will consider
only the magnitude of residual stress, layer thickness and the

properties of the interface.

3.1.1. Telephone-cord patterns with and without layer cracking

Sinusoidal buckling, known as a telephone-cord and shown

in Fig. 3, resulting from the biaxial–residual stress was

observed after deposition of a 400 nm thick Si3N4 layer, using

a preceding oxygen plasma treatment. For this particular layer

thickness the residual stress is estimated to be 0.92 GPa. From

the buckle profiles (Fig. 3b) the average of the buckle width

(2b =31T1 Am) and height (w =2.5T0.1 Am), are determined

perpendicular to the buckle axis (line A).

Fig. 3a can be used to explain the formation of the

telephone-cord buckles. Suppose that buckling occurs in the

x-direction. In this case the uniaxial stress is relaxed in this

direction and rxx;rc. After buckling, a compressive stress

is still present in the y-direction; ryy;� (1�m)rf, which

may cause a secondary buckling that is responsible for

formation of the sinusoidal buckle [21]. Moreover, due to

the biaxially compressed layer on one side of the substrate,

the sample is curved. As a result, the biaxial-compressive
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Fig. 7. Confocal microscope images obtained for circular buckle with laye

cracking resulting from uniaxial-compressive external stress along the y-axis

The Si3N4 layer thickness is 200 nm deposited without oxygen plasma

treatment. (a) 2-D image, (b) buckle profile measured along the measured along

the center of the buckle, line L.
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stress is slightly released in one direction ‘‘normal to the

curvature axis’’.

An oxygen plasma treatment has been found to improve

adhesion of coatings for different polymers by producing

oxygen groups on the polymer surface [22]. In contrast to

that, in this work oxygen plasma treatment is found to

enhance buckling of the Si3N4 layer. Layers prepared with

oxygen plasma treatment (power: 600 W, time: 1 min)

showed spontaneous buckling and delamination. Degradation

of the superficial layer of the Hard Coat occurred. Mechanism

of the effect of oxygen plasma treatment prior to layer

deposition on buckling and delamination is subject of

forthcoming study. On the other hand, layers prepared without

oxygen plasma treatment remained completely attached to the

substrate.

For a compliant substrate the total energy release rate is the

sum of the energy released from the layer and the energy

released from the substrate. The energy release rate can be used

to delaminate the layer from the substrate but might also be

used to crack the buckled portion of the layer. Therefore, layer

cracking provides another mechanism for the total energy

stored in the layered structure to be released [16].

Telephone-cord buckles accompanied with layer cracking

were also observed for the 400 nm thick Si3N4 layer, using an

oxygen plasma treatment. Comparing the telephone-cord

buckles without layer cracking, indicated in Fig. 4 by line B,

and the telephone-cord buckles with layer cracking, indicated

in Fig. 4 by line C and line D, reveals the following:

– From the buckle profiles, layer cracking is evident in the

buckled portion of the layer as a sharp transition point. As a

result, the buckle width is divided to two unequal parts.

– As a consequence of layer cracking an increase in the

buckle height is observed from 2.5 Am for the telephone-

cord without layer cracking to 4 Am for the telephone-cord

with layer cracking. This corresponds with a decrease in the

buckle width from 33.7 Am for the telephone-cord without

layer cracking to 30 Am for the telephone-cord with layer

cracking.

– The cracked telephone-cord buckle is asymmetric about its

centerline.

Buckling accompanied with layer cracking will occur when

the stress in the buckled portion of the layer exceeds the

fracture stress of the layer. The maximum stress in the buckle

may be dependent on the distance between buckles. From Fig.

3, the distance between telephone-cord buckles without film

cracking is approximately three times the buckle width. On the

other hand, for the telephone-cord buckles with film cracking

(Fig. 4), the distance between buckles is less than the buckle

width.

3.1.2. Straight buckle

Both straight and telephone-cord buckles were observed for

the 300 nm Si3N4 layer after oxygen plasma treatment. Fig. 5

shows the straight buckle generated due to biaxial-compressive

residual stress.
For a straight buckle, the displacement w(x) of the buckled

layer from the substrate can be approximated by [23,24]:

w xð Þ ¼ wmax

2
1þ cos

kx

b

on ih
ð10Þ

where wmax and b are the maximum height and the half width

of the straight buckle, respectively. Fig. 5b shows that the

buckle profile as measured with AFM can be fitted well with

Eq. (10).

From the above observations, layer buckling due to the

biaxial-compressive residual stress is well established. We have

seen that the effect of the level of adhesion at the interface is

significant. Poor adhesion results in a spontaneously telephone-

cord buckle shape. The occurrence of telephone-cord or

straight buckle depends on the ratio of the residual stress to

the critical buckling stress. Moon et al. [5] proposed that the

residual strain in the layer has to exceed the critical buckling

strain by a factor of four for the telephone-cord to exist. In our

case considering the telephone-cord buckles shown in Fig. 3,

based on the elastic modulus of the layer (Table 1) and the

stress determined in Table 2, residual strains of 0.43% is

obtained. By assuming the delaminated layer is clamped at its

edges, critical buckling strain of 0.05% is derived, thus the
r

.
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telephone-cord is found to exist when the residual strain is

approximately 9 times the critical buckling strain. The ratio is

thus significantly above the ratio proposed by Moon et al. [5].

From the other hand, considering the straight buckle shown in

Fig. 5 (residual strain=0.66%, critical buckling strain=0.31%)

the straight buckle is found to exist when the residual strain is

approximately 2 times the critical buckling strain.

For a stiff layer on a compliant substrate the critical

buckling strains will be reduced due to the rotation and the

displacement at the buckle edges. Therefore, telephone-cord

buckles of a stiff layer on a compliant substrate will occur at

lower residual strain than in the case of a rigid substrate.

Straight buckling is found to occur at low compressive strain

level.

The telephone-cord type patterns were observed to split up

and form a network, the resulting structures having a

characteristic dimension of a few times the buckle width, as

can be seen in Fig. 6.

Finally, the 200 nm Si3N4 layer prepared with oxygen

plasma treatment remained completely attached to the sub-

strate. A reasonable estimation of the adhesion energy for this

particular thickness is obtained by assuming that different

buckles were generated having different buckle width. By

plotting the adhesion energy Gss versus the buckle width, the
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values of the adhesion energy have been found to a reach a

minimum of 0.5 J/m2 at a buckle width of 31 Am. In

comparison with the adhesion energy of the 400 nm Si3N4

layer prepared with oxygen plasma treatment that showed

spontaneous buckling and delamination (Fig. 3) Gss;0.4 J/m2.

3.2. Buckling and delamination of thin layer under uniaxial-

compressive external stress

The Si3N4 layers deposited without oxygen plasma treat-

ment remaining attached to the substrate in spite of the

presence of the biaxial-compressive residual strain in these

layers. Uniaxial-compressive external strain has been applied

to these layers using the mechanical bending device shown in

Fig. 2. Therefore, the total strain is the sum of the biaxial-

compressive residual strain and the uniaxial-compressive

applied strain. Due to the uniaxial-compressive applied strain

lines of circular, half-circular and semi-circular buckles with

layer cracking were observed perpendicular to the compression

axis, as shown in Figs. 7–11. Straight buckles are also

observed.

Firstly, ex situ experiments have been conducted to study

the initiation of the circular buckle. The Si3N4 layer thickness

is 400 nm deposited without oxygen plasma treatment. A
b)
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1.85%. The Si3N4 layer is 400 nm thick and deposited without oxygen plasma
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Fig. 9. Confocal microscope images showing the evolution of a half-circular buckle, indicated with an arrow, to circular and semi-circular buckle by increasing the

uniaxial-compressive strain. Images have been taken after bending, i.e. from a flat sample: (a) ( =1.24%, (b) ( =1.3%, (c) ( =1.36%, (d) ( =1.6%. The Si3N4 layer is

400 nm thick and deposited without oxygen plasma treatment.
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circular buckle is found to be initiated as a straight buckle and

then evolve to a circular buckle by increasing the total

compressive strain from 1.35% to 1.85% (Fig. 8). Both straight

and circular buckles are accompanied with layer cracking on

top. New buckles are also observed parallel to each other.

Secondly, experiments have been conducted to study the

evolution of the different buckle patterns during propagation.

The Si3N4 layer thickness is 400 nm deposited without oxygen

plasma treatment. From Fig. 9, it is obvious that half-circular

buckles may develop to circular or semi-circular buckling. By

increasing the applied compressive strain from 1.24% to

1.36%, the half-circular buckle, indicated with an arrow in

Fig. 9a, evolves to a circular buckle (Fig. 9c). A transition from

circular to semi-circular buckle morphology (Fig. 9d) occurs by

further increasing the applied strain up to 1.6%. During this

process the buckle height is increased from 1 to 2.8 Am, and the

buckle width from 11 to 49 Am. These types of buckles are

suggested to be initiated from layer cracking observed

perpendicular to the compression axis.

Lastly, in situ observations of the layer buckling during a

constant unaxial-compressive stress have been conducted

using the optical microscope. Images have been captured

with intervals of 5 s (these images are not shown in this

paper). From the in situ observation we have seen that
buckling starts first to develop in the lateral direction. Next,

after the buckle reaches a critical half width, the buckle jumps

instantaneously perpendicularly to the compression axis with a

nearly constant step to form another periodic series of circular,

half-circular or semi-circular patterns. This process is gov-

erned by several parameters, for instance, the applied

compressive strain, the time needed for the buckle to reach

the half critical width and the presence of defects, imperfec-

tions or adjacent buckles.

Fig. 10 shows asymmetric semi-circular buckle resulting

from applying a compressive strain of 1.52% on the 400 nm

thick Si3N4 layer. From the buckle profile layer cracking is

evident as a sharp transition point. This point can be used to

characterize the buckle morphology accompanied with layer

cracking, which splits the circular buckle asymmetrically to

two alternating parts. In addition, the buckle width E1

approximately equals F2; and buckle width E2 equals F1.

The same is valid for the buckle height.

Fig. 11 shows buckling of 300 nm thick Si3N4 layer from

the polymer substrate by applying a compressive strain

( =1.8%. Additional observations are:

– Both a circular buckle (line 1) and a half-circular buckle

(line 3) with layer cracking are observed.
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Fig. 11. (a) AFM image of buckling with layer cracking on top. (b) Buckle

profile. The Si3N4 layer is 300 nm thick and deposited without oxygen plasma

treatment. The applied uniaxial-compressive strain ( =1.8%.
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Fig. 10. (a) 2-D AFM image of asymmetric semi-circular buckle, (b) and (c)

illustrations of the buckle profiles taken from the same direction indicated by

line E and line F. The Si3N4 layer is 400 nm thick and deposited without

oxygen plasma treatment. The applied uniaxial-compressive strain ( =1.52%.
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– From the buckle profiles, the buckle width and height

determined perpendicular to the axis of the circular buckle

(line 1) are appeared roughly constant, 2b ;16.5 Am and

w ;1.5 Am,

– The layer between two buckles is also detached from the

substrate, indicated by line 2, which apparently is a half-

circular buckle.
– The width of the half-circular buckle (line 3) is approxi-

mately half the width of the circular buckle and the buckle

height is approximately the same.

The effect of the oxygen plasma treatment and loading

mechanism on the buckle morphology are obvious by

comparing Figs. 3 and 10. Both have a 400 nm layer thickness.

As illustrated in the former image, telephone-cord buckles are

formed due to a combination of biaxial-compressive stresses in

the thin layer with a poor adhesion at the interface, where

oxygen plasma treatment didn’t improve adhesion in this case.

In the latter image, asymmetric semi-circular buckles are

formed due to an additional uniaxial-compressive strain, where

the layer is deposited without oxygen plasma treatment.

It is worth to note here that the buckle profiles of the

asymmetric semi-circular buckles with layer cracking (Fig.

10b, c) are similar to those obtained for the telephone-cord

buckle with layer cracking shown in Fig. 4c, d, in spite of the

different buckle morphologies and loading mechanisms.

Moreover, the buckle width for both is approximately the

same 2b ;30 Am while the buckle height for the telephone-cord

with the layer cracking and circular buckle are w= 3.6 Am and

w= 2.6 Am, respectively. Therefore, a transition from tele-
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phone-cord with layer cracking into circular or semi-circular

buckle morphology may occur by adjusting the stress induced

in the layered structures.

4. Conclusions

Experimental observations have been made to provide some

understanding of the buckle morphology of compressed

inorganic thin layers on a polymer substrate. The effect of

surface treatment of the substrate prior to layer deposition is

significant. Oxygen plasma treatment is found to enhance

buckling of the Si3N4 layer from the polymer substrate. As a

result, a straight and telephone-cord buckles were formed. On

the other hand, no buckling was observed for layers prepared

without oxygen plasma treatment. When the layers prepared

without oxygen plasma treatment were under additional

uniaxial-compressive strain, layer cracking is followed by a

circular and a half-circular buckle formation perpendicular to

the compression axis. The formation and propagation of a

circular, half-circular and semi-circular buckle are well

established. The buckle width and heights are found to increase

with the applied compressive strain.

Investigations are in progress to link these experimental

observations with numerical modeling taking into account the

energy released from the substrate and the effect of the elastic

mismatch on layer buckling and delamination.
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