Capillary Instabilities on Thin Solid Films
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Thin films are the fundamental building blocks for many
technologies, including electronic, electrochemical, and
optical devices. However, they are unstable against
capillary forces. Capillarity (surface tension) drives a
process in thin films known as solid-state dewetting:
the edges retract, holes can form, and the film breaks
up into islands of material with characteristic
microstructural features. This process occurs below the

film’s melting point via capillary-driven surface self-
diffusion. Understanding dewetting is critical for the
prevention of thermal degradation in micro- and nano-
scale systems. For anisotropic materials, it also offers a
new avenue for the manufacture of stable, complex,
small-scale geometries. We present a variety of
theoretical and computational studies to understand
and control dewetting microstructures.

Dewetting phenomena
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Above left: after holes form and
grow, the thin film material (dark)
remaining breaks up by a Rayleigh
instability.

Above right: edge retraction and [110]
valley formation leads to holes in
single crystal films.

Left: The edge of a film undergoes
a “fingering instability.”
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Above: Complex, reproducible
morphologies obtained by anisotropic
dewetting.

Above: Typical dewetting
morphology. Polycrystalline Ag on
SiN.

Initial film shape
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Rims & valleys form as edges retract
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Above: A schematic of an isotropic thin film
undergoing dewetting.

Above: Edge profiles for dewetting films. Fully-faceted
films do not have a valley, isotropic films do.

Above: an initially square hole in a single
crystal film undergoes a “corner instability.”

Governing equations

The non-dimensionalized phase field formulation
for dewetting is

where n is normal to the boundary and 6 is the
contact angle of the film on the substrate. The

The chemical potential u is proportional to the
mean curvature x of the film surface:

— lodic boundary condition
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where s; and s, are the arc length coordinates, vy is ot — =
the surface energy, and Q is the volume per atom. 1= ¢3 —p— €2A¢ on

Using the Nernst-Einstein relation and Fick’s law, applies on all other boundaries, and the mass

the non-dimensional velocity of a surface along its ~ Where ¢ is the phase field variable, t is time, u is conservation condition
normal is the chemical potential, and ¢ is related to the ou
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where A, is the_LapIace_—BeItraml operator {I.e., the 96 \/§ applies on all boundaries. This formulation can
surface Laplacian). This can be generalized for €E— + —(¢2 —1)cosf =0 also be generalized to anisotropic materials.
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2D highly anisotropic model

Questions: How does strong
anisotropy affect edge
retraction? Which parameters 0 ' 2 ' 4 6 3 10
dominate dewetting behavior? top
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present, predicts a small mass
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Top: Retraction of an example film, similar to Ni at 900°C. the contact angle.
Left: Typical chemical potential and mass flux on the rim.  Right: the model is in good quantitative agreement with
Center: The dependence of edge retraction distance on experiments.
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Corner instability analysis

Questions: What causes the 1O g i
corner instability? |

Left: schematic geometry, informed
by experimental observations.
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Method: Perturbation analysis,

anisotropy, simplified geometry Right: the model predicts that the

corner is driven towards a constant
rim height and therefore retracts
faster than the edges of the hole.
This is in excellent agreement with
experiments.

Results: Increasing arc length is
the main driver, there is a
minimum rim size for instability

Zucker et al., in preparation

Phase field simluation

Questions: Can we simulate
dewetting?
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Left: simulated films have all
relevant features: rims, valleys,
hole formation, pinch-off, and
edge instabilities. Future work
includes predicting dewetting
microstructures.

Method: AMDIS: finite element,
adaptive-mesh, C++ library for
PDEs: www.amdis-fem.org

Right: an anisotropic island of
material produced as a result of
dewetting in a phase field
simulation.
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Results: In progress. Verifying
the analytical models, simulating
the effects of anisotropy




