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7 SUMMARY AND DISCUSSION

In this thesis, we have developed finite element models to describe the mechanics of mi-
cro/nano channel formation based on the release and bond-back of pre-stressed thin films. A
set of non-dimensional parameters that describe the entire process of channel/pattern forma-
tion in a unique manner have been identified. The influence of various system parameters
such as film geometry (thickness, size and shape), film properties (elastic modulus E, Pois-
son’s ratio ν and eigenstrain ε∗), interface energy Γ and the method of interface strength
reduction on the final channel geometry (channel morphology, height and width) have been
studied in detail. The release phase involves the buckling-up of the film from the substrate
and the bond-back step involves the re-bonding of the film back onto the substrate due to
cohesive forces. The study concerns two distinct film-substrate systems distinguished by the
release mechanism of the film from the substrate through the removal of the interfacial layer,
i.e., (i) uniform etching (Ch. 3 and 5), and (ii) directional etching (Ch. 4 and 6). The essential
difference between the two systems can be described as follows:
(i) In uniform etching, the interface strength between the film and the substrate is reduced
uniformly throughout the interface.
(ii) In directional etching, the interface strength is reduced by gradual removal of the sacrifi-
cial interface layer from one edge.

In chapter 2 and 3 the buckling-up stage has been classified into two classes: (i) a 1-step
process (or buckle-driven delamination) and (ii) a 2-step process (interface reduction). In the
1-step process, eigenstrain is applied to the film on a weak interface during which the film
starts to delaminate at a critical eigenstrain. In the 2-step process, eigenstrain is applied to the
film on a strong interface during which the film does not delaminate but accumulates stress
at the crack-tip. Then the interface energy is reduced such that the film starts to delaminate
at a critical interface energy. The two processes of buckling (1-step and 2-step process) have
been studied using a two-dimensional cohesive zone model. Three distinct regions of inter-
est (initial buckling, postbuckling and interface failure) during the buckling-up process have
been identified and the influence of the system parameters in these three stages have been
discussed. The critical buckling strain ε∗c is proportional to the square of the film thickness
normalized with the initial crack length (t/W0)2. In the limit of very strong interfaces, the
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deformation of the film in the initial crack region is equivalent to the one-dimensional blis-
ter problem. The interface delamination is of mixed mode with the contribution of mode-II
increasing as the delamination progresses. At the onset of delamination, the mode-mixity
at the crack tip is more mode-II in the 2-step process in comparison to the 1-step process
due to the large buckling amplitude of the initial debonded region. In the 1-step process,
it has been shown that in the limit of zero interface energy, the critical falire strain ε∗f ap-
proaches the critical buckling strain ε∗c . For a non-zero interface energy, the ratio ε∗f /ε

∗
c shows

a unique square-root dependence on the non-dimensional number (σmax/E)(δn/W0)(W0/t)
5

(see Eq. 3.8 and Fig. 3.5(b)). Furthermore, under the assumption that ε∗ >> ε∗c , the ratio
of buckle height H to instantaneous crack length W shows a unique square root dependence
on the eigenstrain applied (see Fig. 3.6). We compared the two processes and found that
the buckling process is path-independent, resulting in a similar onset of delamination as well
as an identical buckled-up configuration. By equating the strain energy release rate of the
straight-sided blister problem to the fracture toughness, it could be deduced that for both
processes the eigenstrain and interface strength at failure can be uniquely related by Eq. 3.8,
identifying

σmaxδn

EW0

(
W0

t

)5

and
(
W0

t

)2

to be the characteristic dimensionless parameters (see Figs. 3.5(b) and 3.10(b)). Due to the
equivalence of the two processes (see also Fig. 3.10(a)), the buckling-up process is simulated
by the 1-step process in the remaining chapters.

The bond-back process is carried out by increasing σmax and keeping δn constant. The nor-
malized channel heightH/L and channel widthW/L depend on the eigenstrain ε∗ (which de-
termines the channel height and width at the beginning of bond-back) and the non-dimensional
loading parameter (σmax/E)(δn/L)(L/t)3. For a given eigenstrain the aspect ratio of the
channel H/W also can be expressed as a function of the above non-dimensional parameter.
The normalized channel width (W/L) after bond-back varies linearly with the normalized
film thickness t/L at a given interface energy during bond-back similar to the experimental
observations. However, the present model underestimates the channel dimensions (height
and width) in the low t/L region and overestimates it in the large t/L region, compared to
the experiments. This may be due to a thickness (size) dependent elastic modulus of the film.
Furthermore, the present model assumes a linear elastic material behaviour while the actual
experimental systems studied are polymers. Hence, incorporation of visco-elastic material
properties is expected to enhance the understanding of the process in addition to improving
the solution for a better experimental comparison. Moreover, the present model considers
a single central imperfection while a real system can have multiple imperfections. Incorpo-
ration of multiple imperfections gives rise to a complex delamination behaviour allowing to
gain new insights to the mechanism of channel formation.

Chapter 4 dealt with systems undergoing directional etching and in particular with the
formation of linear channels (Si-Ge film on a Si substrate). The Si-Ge system studied in this
thesis is known to have a very weak interaction with the substrate and hence the directional
etching process (a 2-step process) is equivalent to eigenstrain loading with zero interface
energy (a 1-step process) for a given etch width. An analytical solution for the critical buck-
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ling strain ε∗c and buckling wavelength λc for the boundary value problem (a film with one
constrained longitudinal edge and three free edges) has been presented. Similar to the one-
dimensional blister problem, the critical buckling strain is proportional to the square of the
normalized film thickness (t/Le)

2. A post-buckling analysis of the system shows two strain
accommodation mechanisms: entry of new buckles and splitting of existing buckles. The
former mechanism is active in the initial stages of loading and the latter becomes active at
large eigenstrains when the energy cost of allowing new buckles becomes prohibitive. The
evolution of channel heightH and periodicity λ have been studied as a function of eigenstrain
for different film thicknesses t and etch widths Le. For a given etch width Le a thinner film
accommodates the strain by buckling into many small buckles (small H and λ) while a thick
film accommodates the strain by deforming into large buckles (large H and λ). The dimen-
sional analysis of the system of equations during the buckling-up stage results in a unique
non-dimensional number, ε∗Le

2/t2. It has been shown that the normalized wavelength λ/Le
and normalized channel height H/t are unique functions of the above non-dimensional num-
ber, resulting in two master curves (see Figs. 4.7(a) and 4.7(b)). Furthermore, the square
of the aspect ratio of the channel H/λ shows a linear dependence on the eigenstrain (see
Fig. 4.7(d)), similar to the one-dimensional blister problem. In the presence of a substrate,
the film first buckles symmetrically and at a certain eigenstrain it touches the substrate, intro-
ducing asymmetry in the buckle shape. However, this does not affect the master curves. In
the Si-Ge system, the event of touch-down does not alter the lateral channel morphology due
to the very weak interaction between the film and substrate, resulting in long-range order-
ing of channels. On the other hand, in systems with strong interaction (e.g., InGaAs-GaAs
systems) the event of touch-down can be used to predict the limit on the straight channel
morphology. Analysis of the master curves showed that for the InGaAs system, the film
touches the substrate at Le ≈ 2 µm confirming the experimental observation of zig-zag pat-
terns for Le > 2µm. The periodicity for different etch widths, calculated from the master
curves, shows excellent agreement with the experimental results of the Si-Ge system (see
Fig. 4.14(a)).

The concurrent splitting of existing buckles due to the secondary buckling at the con-
strained longitudinal edge introduces large instabilities, causing the abrupt termination of
the static solution procedure. To resolve this, we have used an explicit dynamic solution
procedure exploiting the inertia of the system to overcome the instabilities. The bond-back
simulations are carried out using this dynamic solution procedure. The dimensional analy-
sis of the system during bond-back resulted in a non-dimensional parameter (Γ/Eλ)(λ/t)3.
The normalized channel width W/λ and channel height H/λ show a unique dependence
on this non-dimensional parameter, irrespective of the film dimensions, giving rise to two
more master curves during bond back. These four master curves (two during buckling-up
and two during bond-back) can be used as design tools for microchannel fabrication. The
assumption of linear elasticity completely explains the various mechanisms involved in the
process of channel formation in these semiconductor film systems. However, incorporation
of anisotropic material behaviour together with a proper estimation of the interface energy
could further enhance the model for a better quantitative estimation of the results (see e.g.
Fig. 4.14(b)).

The effect of film shape on the channel morphology is studied in chapter 5. Polygonal
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films of different shapes (square, rectangular, pentagonal and hexagonal) have been studied
for the evolution of channel morphology during buckling-up and bond-back with increasing
eigenstrain and interface strength, respectively. For the square, pentagonal and hexagonal
films, the film first buckles in the well-known Euler buckling mode and then enters the post-
buckling regime during which secondary buckling at the constrained edge is observed. The
onset of secondary buckling correlates with a break-up of symmetry of the buckle pattern. In
the square and hexagonal films (with two and three axes of symmetry) the symmetry breaking
of the buckle profile happens at much higher eigenstrains compared to pentagonal films (one
axis of symmetry), demonstrating the influence of symmetry on the channel morphology. In
the case of rectangular films, the film first buckles in the Euler-mode, followed by a varicose
mode and then evolving into a telephone-cord mode. The normalized buckling amplitude of
the central node H/Weq (with W 2

eq being equal to the area of the film) shows a square-root
dependence on the eigenstrain for square, pentagonal and hexagonal films irrespective of the
film size. However, such a behaviour is not observed in rectangular films due to the change
of deformation mode from Euler to varicose and telephone-cord in the post-buckling regime.
We can also observe a slight deviation from the square-root dependence for other polygonal
films at large strains which arises due to secondary buckling affecting the central amplitude.
While the buckled-up configuration for all the film shapes is a dome, the morphology after
bond back is dictated by the film shape, resulting in four-fold ridge patterns in square films,
five-fold patterns in pentagonal films, six-fold ridge patterns in hexagonal films and a roof-
like morphology in rectangular films. The bond-back simulations showed that the normalized
buckling amplitudeH/Weq scales with the non-dimensional parameter (Γ/EWeq)(Weq/t)

3,
similar to the linear channel studied in chapter 4. Again, these master curves can be used in
predicting the channel dimensions in the design phase. The buckle morphologies obtained
from the simulations show a good agreement with the experimental observations. However,
a quantitative comparison was not made due to the absence of experimental data. Similar
to line buckles studied in Ch. 3, consideration of visco-elastic material behaviour might also
improve the understanding of channel formation in these polymeric polygonal films.

Chapter 6 describes the channel formation in periodically-perforated semiconductor (In-
GaAs) films. The systems involve directional etching together with a strong interaction be-
tween the film and the substrate, thus necessitating the implementation of an evolutionary
etching process during the buckling-up stage. In this case, the process of buckling involves
two steps. In the first step, the entire film is constrained and is loaded with eigenstrains re-
sulting in compressive stresses. Then a set of nodes at a certain distance from the etch-pit
boundary are released. In this release stage, a non-uniform traction based on a cohesive in-
terface law (see Fig. 2.3(a)) is prescribed to mimic the interaction between the film and the
substrate. First, an isolated unit-cell (a square film of size P with a square hole of size W )
of the large multi-etch-pit system is studied. The effect of various system parameters (pe-
riodicity P , hole size W , film thickness t, fillet radius R) on the critical buckling strain ε∗c
and channel wavelength λ is studied in detail. The critical buckling strain of the unit-cell
approaches that of a linear channel as W → P and approaches that of a clamped square
plate as W → 0 (see Fig. 6.2(a)). For a given W , P and t combination, the buckling strain
reduces with increasing fillet radius. During the evolutionary etching process, the wavelength
of buckles increases with an increase in etch width, similar to the linear channels studied in
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chapter 4. It has been shown that for small Le values (relative toW ), the wavelength matches
very well with that of the linear channel solution and starts to deviate with increase in Le.
The system shows two important buckle morphologies: edge buckles and corner buckles. A
phase diagram of W/t vs W/P for a given eigenstrain (see Fig. 6.7(a)) has been obtained
showing regions of three different channel morphologies. Edge buckles will be formed for
large W/P values and corner buckles will be formed for small W/P values. The corner
buckle region can be further subdivided into two regions: one for small W/t values and one
for large W/t values. The region with small W/t values shows corner buckles without any
signs of secondary buckling while for large values of W/t severe secondary buckling is ob-
served. This phase diagram can be used to predict the channel morphology for a given W ,
P , t and ε∗ combination. Simulation of a large system with multiple etch-pits shows that
the presence of interface interaction during the release stage is essential for the formation of
channels in these systems. When multiple pits meet, buckles coalesce resulting in a channel
morphology that has a smaller wavelength compared to the single hole case. The results of
the multi-etch-pit system shows channel morphologies resembling experimental systems of
similar dimensions. It should be noted that the present model is based on a number of assump-
tions including isotropic linear elasticity, estimated interface energy during the release stage,
limited system size and specific fillet radius. Hence, the results presented in this chapter are
meant to give a preliminary understanding of the mechanism of formation of various channel
morphologies as a function of the system parameters. The model can be further modified
by incorporating the above assumptions in view of obtaining a more quantitative comparison
with the experiments.

In all the systems studied in this thesis a set of non-dimensional parameters has been
obtained to describe the channel formation in the corresponding experimental systems. The
buckling strain in all the systems is shown to be proportional to (t/Wch)2, where Wch is
equal to the initial crack length W0 for the one-dimensional blister problem studied in Ch. 3,
the etch width Le for linear channels studied in Ch. 4 and the equivalent film width Weq

for polygonal films studied in Ch. 5, suggesting that each system has a unique length scale.
Indeed, a similar observation for the non-dimensional numbers obtained during buckling-
up (ε∗W 2

ch/t
2) and bond-back (Γ/EWch)(Wch/t)

3 can be made in which the characteristic
length dimension Wch is replaced by the respective length scale of each system. In all the
systems studied in this thesis, bond-back is accounted for by the same phenomenological
traction-separation law (see Fig. 2.3(a)). The shape of the traction-separation law does not
influence the channel dimensions, but the area under the traction-separation curve (the in-
terface energy) does. The master curves obtained for each system can be used as a design
tool for predicting the channel dimensions. While the qualitative comparison with the exper-
imental systems is very good (we even found a good quantitative agreement in Ch. 4), the
quantitative comparisons may be further improved by incorporating more realistic material
behaviour, such as visco-elasticity, elastic anisotropy and size-dependence, and by obtaining
better estimates for the interface energy. In summary, we have developed 2D and 3D finite el-
ement models by accounting for linear elasticity and non-linear geometry in combination with
a non-linear interface traction-separation law to describe the mechanism of pattern/channel
formation in different pre-stressed film-substrate systems. This thesis demonstrates that the
otherwise-unwanted phenomenon of buckling can be exploited as a tool for generating well-
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controlled and ordered patterns at small scales based on a thorough theoretical understanding
of the mechanism of “release and bond-back”.




