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ABSTRACT

There are many different stress relief mechanisms observed in thin films. One of the
mechanisms involves film debonding from the substrate. In the case of tensile residual stress a
network of through-thickness cracks formsin the film. In the case of compressive residual stress
thin film buckling and debonding from the substrate in the form of blistersis observed. The
buckling delamination blisters can be either straight, or form periodic buckling patterns
commonly known as telephone cord delamination morphology.

The mechanics of straight-sided blistersis well understood. Current study relies on thein-
situ observation of phone cord delamination propagation in different thin film/substrate systems.
Both straight and phone cord delaminations are shown to simultaneously propagate in the same
film system. Straight-sided blisters propagate several times faster than the phone cords, and may
be followed by thin film fracture along the line of maximum film buckling amplitude. Phone
cord delaminations originally start as straight-sided blisters, but then deviate to the periodic
phone cord geometry due to the fact that the compressive residual stressin the filmis biaxial.
Digital analysis of motion recordings shows that partial crack “healing” is present at the curved
portions of the phone cords due to the “secondary” buckling pushing thin film back to the
substrate. These experimental observations allow for the correct interpretation of the telephone
cord delamination morphology.

INTRODUCTION

Stressin athin film typically causes substrate bending. This effect is used to measure the
macroscopic residual stressin thin films using Stoney’s equation [1]. The residual stress can be
partialy relieved by plastic deformation and surface reconstruction, or simply by mechanical
film failure discussed in this paper. There are many parameters that control failure mechanisms,
including the sign of residual stress, properties of the film, interface and the substrate. In the case
of residua tensile stress one can see film though-thickness cracking, interfacial delamination,
and even substrate cracking [2]. For example, film cracking has been observed in the hybrid
coatings on glass [3], and in the low-K dielectrics [4, 5]. If the film isunder residual compressive
stress, films typically buckle, delaminate from the substrate, and sometimes fracture by forming
through-thickness cracks. In case of athin film on a brittle substrate delamination is typically
observed, whereas for the soft substrate or thick underlayer the stressisinitially relieved by
forming similar phone cord-like features prior to delamination (Figure 1). This paper discusses
thin film interfacial failure in compression through “phone cord” delamination propagation.
“Phone cords’ are worm-like buckled features observed in thin films, and are called so because
the they look like atwisted phone cord under the optical microscope (Figure 2).
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Figure 2. Phone cord buckling delamination in the low-K/TiW film system.

EXPERIMENT

Thefilm stack has to be under residua compressive residual stress for the buckling
delamination to occur. Four film systems considered in this study are: TIWXxNy/GaAs, TiW/low-
K/Si, W/AI/SI and W/AI/Cu/Si. The W samples were generated by depositing a highly stressed
superlayer for thin film adhesion measurements [6]. A 1 um thick W sputter deposited superlayer
was used for Al and Cu thin films. The thinner films exhibited phone cord buckling delamination
upon introducing the sputtering chamber to atmosphere after W deposition. A similar behavior
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was observed in the TIWxNy/GaAs [7] and TiW/low-K/Si systems due to the increased residual
compressive stress. High residual compressive stress was due to the excessive amount of
nitrogen in the film (Figure 3). Higher compressive stress region (1 GPa) in the bottom left
corner of the wafer corresponds to the point of nitrogen introduction source.

Samples with static phone cord delaminations already present were secured on the optical
mi croscope stage with the double-sided adhesive tape. A micromanipulator was used to further
propagate delamination by applying external stress with a W probe needle. After inducing further
delamination propagation the probe needle was removed, and the delamination blister motion
was recorded in-situ with a videocassette recorder. Analog videos were later digitized using
commercially available video capture board and an IBM PC computer.

DISCUSSION

Phone cord delaminations have been reported in many different thin film systems with
the presence of biaxial compressive residual stress [8-12]. Straight-sided buckling-driven
delaminations were also observed, especialy under the influence of uniaxial external stress[13-
16]. Mechanicsfor the straight-sided blisters is well documented [17, 18]. Straight-to-phone cord
transitions have been suggested to happen at a certain threshold internal stress level [19, 20].
Recent developments of Moon et al [20] determined that the phone cord morphology is possible
when the straight-sided blisters become unstable at the residual stress levels exceeding the
buckling stress by afactor of four.
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Figure 3. Residua stress map of a1 um thick TiWxNy film on GaAs 6-inch substrate.
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In our study both phone cord and straight-sided blisters were found to exist and propagate
at the same time in a TIWxNy/GaAs film system. Straight-sided blisters propagate about 10
times faster than the phone cord delaminations, and also exhibit cracking along the axis of the
maximum bending stress on top of the buckle (Figure 4).

Figure4. A 3D AFM image of a straight-sided buckling
delamination exhibiting crack along the axis of the maximum
bending stress. 30 um scan size.

Experimental observations of this study suggest that
the phone cord dynamics is important for the straight-to-
phone cord transition. It was observed that phone cord
delamination propagation starts out as a straight-sided blister,
and then deviates to the phone-cord morphology after a
certain blister length has been reached (Figure 5). In Figure 5
eight sequential contours of phone cord delamination
propagation are overlaid on top of each other in order to illustrate the effects seen in video
recordings of in-situ delamination propagation. There is a clear deviation from the straight blister
geometry seen between the first and the fourth contours.

Figure 5. Eight sequential contours of phone cord delamination propagation overlaid on top of
each other. Note that the blister propagates from left to right. Images were obtained by using
Adobe Photoshop" trace contour filter software.

Figure 5 aso shows that the already delaminated film is pressed back down to the substrate,
creating and illusion that it is not delaminated (compare fourth and eighth profiles). The same
behavior has been observed by Moon at al when phone cords were cross-sectioned with Focused
lon Beam (FIB) followed by AFM analysis [21]. Compared to the final profile of the telephone
cord, it is effectively alarger area of the film that is delaminated. Thisis the main experimental
result of this work.

Crack dynamics becomes very important for understanding the phone cord morphology.
The stress state of the originally straight-sided blister is given by

_ _ — g - T _E (hY
Oy =-lVog+(1-v)og] and 0, =-0, = B (1—v2)(b) (),
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where gristhe biaxial residua stressin thefilm, gs isthe buckling stress, h isthe film
thickness, and b is the half width of the straight blister. While the buckling stressis small (100
MPafor a0.3 umthick TiWxNy film), the oy stress is quite large (1 GPafor the same TiWxXNy
film). It isthe gi stress that drives the blister growth in the x direction. There would be no phone
cord transition if the straight blister front were to propagate at a high enough speed, relieving the
Ox Stress. On the contrary, if the crack front velocity is not high enough, “secondary” blister
buckling occurs along the x axis due to the gy stress, causing delamination to propagate
sideways, and “healing” on the opposite side. Theoretical interpretation of the “ secondary
antisymmetric” buckling phenomenon is given by Audoly [22]. In our case both straight and
phone-cords delaminations are present in the same TiWxNYy film due to the fact that the straight
blisters crack on top, which provides another mechanism for the stored elastic energy to be
released.

In conclusion, the importance of biaxial stressis demonstrated. Having a metallic film on
the top and transparent substrate on the bottom, aregular recordable compact disk (CDR media)
appears to be a perfect model system for studying buckling delamination. One can carry out an
experiment, in which pressing a needle into the upper side of the compact disk (CD) createsa
precrack. Bending the CD imposes compressive stress (dy) on the upper film, which resultsin a
straight buckling delamination (Figure 6a). Bending the same CD in the perpendicular direction
(ayy) causes the straight blister in Figure 6ato produce a “secondary” buckle, which appears as a
wavy pattern. Phone cord morphology would only be possible if both gy and oy are imposed
simultaneously.

Figure 6. a) Straight-sided blisters seen from the bottom of a CD under bending; b) Periodic
buckling of the straight-sided blistersin a) when bending stressis applied in the perpendicular
direction.

CONCLUSIONS

For the practical applicationsin order to avoid thin film buckling delamination, one has
to decrease the amount of residual stressin the film, and/or decrease the film thickness.
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There are three characteristic conditions for the telephone cord blister morphology to
exist: 1) biaxial residual stress; 2) the level of the stress has to exceed the film buckling stress by
afactor of 4 [21]; 3) blister front propagation should be slow enough, so that there is no cracking
at the top of the blister [23].
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