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An experimental study of the influence of imperfections on
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Abstract
The role of imperfections on the initiation and propagation of buckle driven delaminations in compressed thin films
has been demonstrated using experiments performed with diamond-like carbon (DLC) films deposited onto glass substrates. The surface topologies and interface separations have been characterized by using the Atomic Force Microscope
(AFM) and the Focused Ion Beam (FIB) imaging system. The wavelengths and amplitudes of numerous imperfections
have been measured by AFM and the interface separations characterized on cross sections made with the FIB. Chemical
analysis of several sites, performed using Auger Electron Spectroscopy (AES), has revealed the origin of the imperfections. The incidence of buckles has been correlated with the imperfection wavelength. The findings have been rationalized in terms of theoretical results for the effect of imperfections on the energy release rate.  2002 Acta Materialia
Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction
The responses exhibited by residually compressed thin films on thick substrates have been
widely documented [1–7]. Most typically, in the
presence of small interface separations, the films
may buckle and, moreover, the buckles can propagate beneath the film if the induced energy release
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rate exceeds the interface fracture toughness. The
ensuing buckles exhibit several configurations:
ranging from circular to linear to telephone cord.
Some examples from the present study are summarized in Fig. 1. The basic mechanics governing the
propagation of the buckles, as well as their morphological tendencies, have been largely worked
out and validated by experiment [2,7–14]. The
initiation of the buckles has received much less
attention. The focus of this article is on initiation.
As in all practical buckling problems, imperfections are expected to be important [6,15–21]. In
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recognition of this, some effects of geometric
imperfections have been recently analyzed [17–
19]. The salient results for a surface protrusion are
summarized in Fig. 2. Note that the energy release
rate, G, for an interface separation beneath the
imperfection is dramatically altered, relative to a
flat surface. Most importantly, a finite G develops
even for very small initial separations: attributed
to the tensile stress normal to the interface [15,17].
Moreover, there is a minimum, Gmin, which arises
for separations similar in diameter to the imperfection. This minimum is followed by a rapid
increase, indicative of instability. The implication
is that, if the minimum exceeds the fracture toughness of the interface, ⌫int (at the appropriate mode
mixity [14]), the putative buckle becomes unstable
and propagates beyond the imperfection: thereafter, assuming one of the configurations depicted
in Fig. 1.
The specific objective of this article is to conduct
an experimental study of imperfections for comparison with Fig. 2. For this purpose, a well-studied system has been chosen, consisting of thin
films of diamond-like carbon (DLC) deposited
onto nominally flat glass substrates. Such systems
are typically subject to high residual compression
(1–4 GPa) and modest adhesion, causing them to
be susceptible to separation and buckling [22]. In
order to characterize the imperfections, the precision of the atomic force microscope (AFM) and
of the focused ion beam (FIB) imaging system has
been exploited. Chemical analysis was executed
with auger electron spectroscopy (AES).

2. Materials and characterization
The substrates consisted of standard microscope
slides made from soda lime glass. The DLC films
were deposited by using a capacitively coupled r.f.
glow discharge, choosing conditions that generate
telephone cord buckles [22]. The gas phases were
CH4 or C6H6 plus N2, at a pressure of 1.33 Pa, and
Fig. 1. Three characteristic configurations. (a) An imperfection with no apparent buckle, (b) an imperfection (arrowed) at
the perimeter of an axi-symmetric buckle and (c) an imperfection (arrowed) at one end of a telephone cord buckle.
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Fig. 2. The energy release rate as a function of separation diameter for thin compressed films on a surface with a protruding
imperfection.

the deposition was performed at a negative selfbias voltage controlled in the range ⫺100 to ⫺700
V [5,22]. For these conditions, the film thickness
was in the range 0.26 苲 0.46 µm, and the residual
compression between about 1 and 4 GPa [22],
resulting in telephone cord buckles with wavelength about 20 苲 25 µm. Various surface topologies appear (Figs. 1 and 3), indicative of a range
of imperfections. It will be shown that these imperfections are all related to defects on the surface of
the glass prior to DLC deposition.
The surfaces of the as-deposited materials were
characterized by scanning electron microscopy
(SEM) and atomic force microscopy (AFM). The
AFM images were taken in tapping mode (Digital
Instruments) at 2 nm resolution. The morphologies
of the imperfections (and of the surrounding film)
have been characterized by using the FIB imaging
system. This system has the attribute that a small
linear region passing through the buckle initiation
site can be identified and a cross section made at
that precise location, by means of a Ga ion beam,
with minimal damage along the section plane.

After sectioning, reconfiguring the instrument in
the SEM mode enables imaging of the cross section. The specimen can also be removed from the
FIB to conduct additional imaging and AFM
characterization.

3. Observations and measurements
3.1. Surface profiles
Measurements have been performed on the
imperfections shown in Fig. 1, as well as those in
Fig. 3, beginning with the latter. The AFM surface
profiles reveal four imperfection categories, having
the amplitudes and wavelengths summarized in
Table 1. The differing profiles suggest the three
basic responses shown schematically in Fig. 3.
These responses are validated below in the FIB
cross sections. The two smaller imperfections
(numbers I and II) both have amplitudes around
140 nm and wavelengths about 6.2 µm in diameter
(Fig. 3(a) and (b)). Their irregular profiles indicate
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Fig. 3. SEM images and AFM surface profiles of four imperfections. (a) Images of three imperfections (I, II, III) showing the line
sections used to measure the profiles. The largest imperfection (III) has contrast around the perimeter suggestive of a buckle. (b) The
AFM profiles of imperfections I, II and III. The irregular profiles for I and II suggest an absence of buckling. The large amplitude
of III and the smoother profile suggest an underlying buckle having the profile indicated by the dotted arc. The original imperfection
amplitude and wavelength are estimated by subtracting the buckled arc from the surface profile. (c) Image of the largest imperfection
(IV) indicative of an associated axi-symmetric buckle. (d) Surface profile of (c) and the underlying buckle profile, highlighting the
original imperfection amplitude and wavelength.

that the DLC is still fully attached to the substrate.
The somewhat larger imperfection (number III in
Fig. 3(a)) has a substantially different profile. The
irregular segment at the right (with features similar
to imperfections I and II) appears to superpose on
a smooth arc (Fig. 3(b)), suggestive of an interface

that has separated and buckled. By constructing an
arc that matches the profile on the left side, the
deviation of the profile on the right, above the arc,
provides an estimate of the size of the initial imperfection. This procedure indicates an imperfection
amplitude d ⫽ 230 nm and wavelength, L0 ⫽
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Table 1
The amplitude and wavelength of the 4 imperfections shown in
Fig. 3
Imperfection d (nm)
I
II
III
IV

130
133
231
360

Lo (µm)
6.0
6.4
15.1
20.0

Lo / h

d / Lo

13.0
13.9
32.8
43.5

0.022
0.021
0.015
0.018

15.1 µm. The profile of the arc indicates that the
corresponding amplitude of the buckle is w⬇760
nm. The largest imperfection (number IV in Fig.
3(c)) appears at the source of a propagating telephone cord buckle (Fig. 3(c) and (d)). By fitting
an arc to the buckled region, as above, the imperfection size is determined to have amplitude d ⫽
360 nm and wavelength, L0 ⫽ 20.0 µm (Table 1).
3.2. Cross sections
The FIB cross sections shown in Figs. 4 and 5
made on the imperfections shown in Fig. 1 appear
to validate the assertions made above. In all cases,
note that the irregular topology found on the surface reflects the initial topology of the substrate,
affirming that the DLC deposits everywhere with
uniform thickness, h ⫽ 0.46 µm. Images of a small
imperfection that did not buckle (Fig. 4) confirm
that the DLC remains attached to the substrate. The
amplitude of the imperfection is smaller than the
film thickness, d ⫽ 0.6h. Images of a larger imperfection that initiated a telephone cord buckle (Fig.
5) reveal the separation. The amplitude of this
imperfection exceeds the film thickness, d ⫽
1.2h. It is also asymmetric. Region “A” on the left
has the larger wavelength, L1⬇60h. This is also the
side that dictates the direction in which the buckle
propagates. In region “B” at the right, the imperfection wavelength is smaller, L2 ⫽ 18h, and the
buckle is stationary. Such asymmetry is typical.

Fig. 4. One of the imperfections from Fig. 1(a), before and
after cross sectioning with the FIB. Note that the film has uniform thickness such that the surface topography duplicates that
for the substrate surface and that there is no separation at the
interface.

(Fig. 6(a)) revealed the characteristics summarized
in Fig. 6(b). In the smooth area I, only the components of silica (Si and O), were detected. In areas
II and III associated with the imperfections, a
major Ti peak is evident (around 400 eV) [23,24],
suggestive of a Ti silicate phase, and another peak
due to either Ca or C. The silicate is present as a
contaminant that governs the size and shape of the
surface imperfections on the glass.
3.4. Imperfection measurements

3.3. Chemical analysis of imperfections
Chemical (AES) analysis of several imperfections on the glass substrate, conducted on sections
where the DLC had been removed by spallation

Measurements have been made on a large number of imperfections of the types described in the
images. In each case, the imperfection amplitude
and wavelength have been measured. The results
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Fig. 5. Another imperfection from Fig. 1(c), before and after sectioning with the FIB, emphasizing the imperfection at one end of
the telephone cord. Note that the DLC has uniform thickness and that a separation originates at the imperfection. The separation is
asymmetric. Region “A” on the left has the larger wavelength, L1⬇60h. This is also the side that dictates the direction in which the
buckle propagates. In region “B” on the right, the imperfection wavelength is smaller, L2 ⫽ 18h, and the buckle is stationary.

have been recorded in three categories. When the
imperfections are strictly irregular, with profiles
similar to either I/II in Fig. 3 or that in Fig. 4, the
imperfection is classified as “sub-critical”. When a
well-defined telephone cord buckle has developed
from the imperfection, as in Fig. 5, it is classified
as “super-critical”. All intermediate cases, where a
buckle has formed but remains locally confined
near the imperfection, are classified as “stationary”. The results classified in this manner are plotted in Fig. 7, using d / h and L / h as coordinates.
Note that the super-critical imperfections cluster at
larger values of L / h and the sub-critical imperfections at small L / h. This finding is rationalized
below.

4. Analysis
The imperfections examined above are taken to
be approximately axi-symmetric. The reference
condition for axi-symmetric buckling of a thin
residually compressed film on a flat surface, with
interface separation, diameter Lb, is [14]:
Lb / h ⫽ 2.21冑Ē / sR

(1)

where Ē is the plane strain modulus of the film,
Ē ⫽ Edlc / (1⫺n2), Edlc is the Young’s modulus and
sR is the residual compression. When a protruding
imperfection, amplitude d and wavelength L, is
superposed on the flat surface, then the buckling
resistance is negated, resulting in the energy
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This result is insensitive to the amplitude of the
imperfections within the range 0.05ⱕd / Lⱕ0.2
[18]. Analysis has yet to be performed outside this
range. Noting that the imperfections summarized
in Table 1 reside within this range (Fig. 7), Eq.
(2) is used to rationalize the observations. For this
purpose Gmin is equated to the interface toughness,
⌫int at the appropriate mode mixity [14]. The
consequence is a critical imperfection wavelength,
Lc, above which a buckle forms and propagates
into a telephone cord. It is given by:

冉 冊冋 册

Lc
⌫int
⫽ 11
h
sRh

Fig. 6. Chemical analysis (AES) of the glass surface where
the DLC film had been removed by spallation. (a) Image of
glass surface showing planar areas (I) and imperfect areas (II
and III). (b) AES spectra showing that in the planar areas only
silicon and oxygen are detectable: whereas, at the imperfections, Ti is present as well as either C or Ca.

release rate depicted in Fig. 2. The minimum fits
the analytic form [18]:
Gmin / Go⬇0.4(L / Lb)

(2)

where Go is the delamination energy release rate
[14]:
Go ⫽

s2Rh
2Ēdlc

(3)

Ē
sR

3/2

(4)

The critical wavelength determined from Eq. (4)
can be superposed in Fig. 7 once the magnitudes
of the parameters have been determined. The
modulus is in the range E ⫽ 90 苲 100 GPa [22].
The residual stress has been ascertained from the
buckle wavelength as sR ⫽ 1.9 GPa [25]. The
DLC thickness is h ⫽ 0.46 µm. The interface
toughness is unknown, but is presumed to be less
than that for the glass substrate, ⌫glass ⫽ 8 J m⫺2
[26]. Limits are ascertained by choosing values in
the range ⌫int ⫽ 4 to 10 J m⫺2. The transitions
based on Lc / h are superposed in Fig. 7. They
appear to separate the buckle propagation results.
Imperfections that form telephone cord buckles
occur in the super-critical domain, while those that
resist buckling reside primarily in the sub-critical
region. Further refinement requires that the interface toughness be measured at the relevant mode
mixity [14].

5. Summary
A detailed experimental analysis has affirmed the
effect of imperfections on the initiation of buckledriven delaminations in compressed thin films. Diamond-like carbon films deposited onto nominally flat
glass substrates were used for the investigation.
Quantitative profiling by AFM characterized the
amplitude and wavelength of imperfections. The FIB
imaging system was used to characterize the imperfections on the substrate, at the buckle origination
sites, as well as to establish the occurrence of inter-
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Fig. 7. Three categories for imperfection identified on a plot of aspect ratio d / L and wavelength, L / h. When the imperfections are
irregular with no interface separation, they are classified as “sub-critical”. When they are at the origin of a well-defined telephone
cord buckle they are classified as “super-critical”. All intermediate cases, where a buckle has formed but remains locally confined
near the imperfection, are classified as “stationary”.

face separations and to affirm the film thickness.
Measurements of this type, made on a large number
of imperfections, have been rationalized in terms of
the energy release rate at the onset of instability,
which classifies the imperfections as; sub-critical,
stationary, and super-critical. It has been shown that
imperfections initiating telephone cord buckles are
consistent with the super-critical domain and that
those resistant to buckling reside within the sub-critical domain.
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