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Abstract

Spontaneous dewetting of supported thin liquid films of thickness dependent viscosity
was studied based on numerical simulations of the thin film equation in 2-D as well as
3-D. Numerical simulations reveal the emergence of sub spinodal lengthscales without
need of heterogeneous substrate/nucleated dewetting. It has been recently observed
in the experiments that the liquid viscosity can either increase or decrease with film
thickness due to entanglement, molecular weight, molecular mobility and monomer
monomer interactions. The liquid viscosity decreases with decrease in film thickness
has been seen in polystyrene (PS) films and in contrast, the liquid viscosity increases
with decrease in film thickness in polyethylene glycol (PEG) films. Instabilities in such
thin liquid films was studied based on numerical simulations of thin film equation in

2-d as well as 3-d with two excess intermolecular forces.

In the first scenario, liquid viscosity decreases with decrease in film thickness
and force filed to be Lifshitz Van der Waals attraction and Born repulsion have been
considered. Numerical simulation of such unstable thin liquid films on a homogeneous
substrate reveal the emergence of sub spinodal lengthscales through formation of
satellite holes during dewetting. These satellite holes appears between already growing
primary holes without invoking the need of heterogeneous substrate or nucleation if
mobility of the liquid film increases non monotonically with film thickness. It was
also found that sub spinodal lengthscales was possible for certain range of mean film
thicknesses lies between the maximum mobility and the mobility at the radius of
gyration. Kinetics of dewetting highlights the existence of distinct regions which are

responsible for spinodal and sub spinodal dewetting. These regions are established



based on the exponents obtained between the maximum growth rate versus mean film
thickness and linear time of rupture versus mean film thickness. Kinetics of dewetting
is characterized by the maximum growth rate, time of rupture in pre-rupture phase
and growth of radius of the hole and their exponents in post rupture phase. Exponent
in sub spinodal regions exhibits different rather than outside of it. Sequential exponent
of 2/3 — 1/4 — 1/2 during the hole growth phase indicate the formation of satellite
holes rather than rises upto form a intervening droplet (2/3 — 1/4 — 4/5).

On the other hand the liquid viscosity increases with decrease in film thickness
and this system subjected to Lifshitz Van der Waals force only. In this case substrate
is coated by coating of a uniform thickness (which is in nanometer thickness). In-
fluence of antagonistic forces on thin films lead to formation of two phases namely,
thinner flat film phase and thicker high curvature phase. The formation and growth
of these phases were investigated based on the dynamic tracking of number of droplets
or defects and the total free energy during the spinodal phase separation. Morpho-
logical phase separation was described by the three stages wiz. early, intermediate
and late stages of phase separations. Emergence of sub spinodal length scales in the
intermediate stage via subspinodal phase separation through formation of satellite
droplet/thicker high curvature droplet. These satellite droplets are forming between
growing primary droplets during phase separation if the mobility of the liquid in thin-
ner portions are very low. Decay of number density drops in the intermediate stage as
well as late stages exhibit diiferent exponents. These exponents are responsible for dif-
ferent coarsening events and mobility of the film. But early stage does not effect and
exhibits an exponent of —1/4. Exponents of —1/7, —1/4, —1/5, —1/3, —2/5 in the
intermediate stage and —2/5, —1/3 in the late stage of phase separation were found.
Spinodal phase separation also highlights the bimodal and multi modal distribution

of maximum height in the defects.
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ho = 3.0 nm corresponds to ss region. (B) Film thickness, hy = 8.5
nm corresponds to rs region. Parameter values M; = 10° nm, r, = 6.0
nm and p = 8.0. Dotted line are slopes and indicative of power law

exponent (Qv). . . . . ...

Morphological Phase Separation in three different stages (early, inter-
mediate and late stages) for constant viscosity films. Domain size is
10),,. Parameters are R = —0.1 and D = 0.2, film thickness, hg = 3
nm. The dotted, solid and dashed lines are indicates increasing time

scales. ..o

Variation of number of defects with time in a domain of size 256, for

a film of thickness, h = 3 nm. Parameters are R = —0.1, D = 0.2.
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5.3

5.4

5.5

5.6

5.7

5.8

(A) Variation of interfacial free energy (dotted line, F;), excess free
energy (dashed line, F,) and total free energy (solid line, F}) with time
(T'). (B) Magnified view of three energies in the early stage. Size of
the domain 256),,. Mean film of thickness, A = 3 nm. Parameters are

R=—01,D=02 .\

Variation of fractional flat area (f;) and fractional completion of SPS
(fp) with non dimensional time (7") in a domain of size 256,,. Cut-off
thickness is 20% as described in the text. Mean film thickness, h = 3

nm. Parameters are R =—-0.1, D=0.2. . .. ... ... .......

Variation of mobility, m with film thickness, h having different values
of My. Parameter value M, for different curves 1, 2, 3 and 4 are 5.0,
10%, 10* and 10°. Curve 5 corresponds to constant viscosity (M, = 1)

case. b=2nm™Y. . ...

Variation of mobility, m with film thickness, h having different values
of b. Parameter value b for different curves 1, 2, 3 and 4 are 2 nm™!, 4

nm~ !, 6 nm~tand S nm~t. M, =105 . . ... ...

Morphological Phase Separation in three different stages (early, inter-
mediate and late stages) for thin liquid films thickness dependent vis-
cosity. Domain size is 10),,. Parameters are R = —0.1 and D = 0.2,
film thickness, h = 3 nm. M, = 10% and b = 2 nm~!. The dotted, solid

and dashed lines are indicates increasing time scales. . . . . . .. ..

3D grey scale pictures of morphological phase separation for a 3 nm
film in a unit cell of size \,, and viscosity ratio M, = 10° undergoing

satellite drop formation. b =2nm™!, R=—0.1and D =0.2.
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5.9

5.10

0.11

5.12

5.13

5.14

3D Morphological evolutions during Spinodal Phase Separation in thin
liquid films of thickness dependent viscosity for a mean film thickness,
ho = 3 nm. Domain size is 4),,. Parameters are R = —0.1 and D = 0.2,
M, = 10% and b = 2 nm~!. T is non dimensional time indicating at the
top of each frame. Dark portions are thinner regions and light color

portions are thicker regions. . . . . . .. .. ..o

SPS in the early stages for thin liquid films of thickness dependent
viscosity. Domain size is 3\,,. Other parameters are R = —0.1 and
D = 0.2, film thickness, hg = 3 nm. M, = 10?> and b = 2 nm~'. The

dotted, solid and dashed lines refers to increasing times. . . . . . ..

SPS in the intermediate stages for thin liquid films of thickness depen-
dent viscosity. Domain size is 3\,,. Other parameters are R = —0.1
and D = 0.2, film thickness, hg = 3 nm. M, = 10> and b = 2 nm~!.

The dotted, solid and dashed lines refers to increasing times.

SPS in the late stages for thin liquid films of thickness dependent viscos-
ity. Domain size is 3)\,,. Other parameters are R = —0.1 and D = 0.2,
film thickness, hg = 3 nm. M, = 10? and b = 2 nm~!. The dotted,

solid and dashed lines refers to increasing times. . . . . . .. .. ..

SPS in the intermediate stages for thin liquid films of thickness depen-
dent viscosity. Domain size is 3\,,. Other parameters are R = —0.1
and D = 0.2, film thickness, hg = 3 nm. M, = 10% and b = 2 nm™.

The dotted, solid and dashed lines refers to increasing times.

SPS in the late stages for thin liquid films of thickness dependent viscos-
ity. Domain size is 3)\,,. Other parameters are R = —0.1 and D = 0.2,
film thickness, hg = 3 nm. M, = 10° and b = 2 nm~'. The dotted,

solid and dashed lines refers to increasing times. . . . . . . .. ...
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5.15

5.16

5.17

5.18

(A) Variation of number of defects (n), interfacial free energy (F;),
maximum and minimum thickness (Haz, Hmin), fractional flat area
(fa), fractional completion of SPS with non dimensional time (7") in a
domain size of 256\,,. (B) Variation of excess free energy ([, ) and total
free energy (F;) with non dimensional time (7"). Mean film thickness,

ho = 3 nm. Parameters are R = —0.1, D = 0.2. My =5 and b = 2

(A) Variation of number of defects (n), interfacial free energy (F;),
maximum and minimum thickness (Huaz, Hmin), fractional flat area
(fa), fractional completion of SPS with non dimensional time (7") in a
domain size of 256,,. (B) Variation of excess free energy (F,) and total
free energy (F;) with non dimensional time (7"). Mean film thickness,
ho = 3 nm. Parameters are R = —0.1, D = 0.2. My = 10? and b = 2

nm_l. ...................................

(A) Variation of number of defects (n), interfacial free energy (F;),
maximum and minimum thickness (Huqz, Hmin), fractional flat area
(fa), fractional completion of SPS with non dimensional time (7") in a
domain size of 256\,,,. (B) Variation of excess free energy (F.) and total
free energy (F;) with non dimensional time (7'). Mean film thickness,
ho = 3 nm. Parameters are R = —0.1, D = 0.2. M, = 10% and b = 2

nm’l. ...................................

(A) Variation of number of defects (n), interfacial free energy (Fj;),
maximum and minimum thickness (Huaz, Hmin), fractional flat area
(fa), fractional completion of SPS with non dimensional time (7') in a
domain size of 256\,,,. (B) Variation of excess free energy (F.) and total
free energy (F;) with non dimensional time (7'). Mean film thickness,

ho = 3 nm. Parameters are R = —0.1, D = 0.2. M, = 10% and b = 4
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5.19

5.20

5.21

5.22

Magnified view of MPS in the intermediate stage. Domain size is
256A,,,. Other parameters are R = —0.1 and D = 0.2, film thick-
ness, hg = 3 nm. M, = 10° and b = 4 nm~!. The dashed, solid and

dotted lines refers to increasing times. . . . . . . .. ... ... ...

(A) Variation of number of defects (n), interfacial free energy (F;),
maximum and minimum thickness (Haz, Hmin), fractional flat area
(fa), fractional completion of SPS with non dimensional time (7°) in a
domain size of 256\,,. (B) Variation of excess free energy (F,) and total
free energy (F;) with non dimensional time (7'). Mean film thickness,

ho = 3 nm. Parameters are R = —0.1, D = 0.2. My =10° and b = 6

(A) Variation of number of defects (n), interfacial free energy (F;),
maximum and minimum thickness (Huaz, Hmin), fractional flat area
(fa), fractional completion of SPS with non dimensional time (7") in a
domain size of 256\,,,. (B) Variation of excess free energy (F.) and total
free energy (F;) with non dimensional time (7"). Mean film thickness,
ho = 3 nm. Parameters are R = —0.1, D = 0.2. M, = 10 and b = 8

NMTL .

(A) Variation of number of defects (n), interfacial free energy (Fj;),
maximum and minimum thickness (Huaz, Hmin), fractional flat area
(fa), fractional completion of SPS with non dimensional time (7') in a
domain size of 256\,,,. (B) Variation of excess free energy (F.) and total
free energy (F;) with non dimensional time (7'). Mean film thickness,
ho = 2 nm. Parameters are R = —0.1, D = 0.3, 6 = 0.6 nm. M, = 10°

and b=2nm™ . ...
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5.23

5.24

5.25

5.26

5.27

(A) Variation of number of defects (n), interfacial free energy (F;),
maximum and minimum thickness (Haz, Hmin), fractional flat area
(fa), fractional completion of SPS with non dimensional time (7") in a
domain size of 256\,,. (B) Variation of excess free energy ([, ) and total
free energy (F;) with non dimensional time (7"). Mean film thickness,
ho = 1.5 nm. Parameters are R = —0.1, D = 04, 6 = 0.6 nm.
My=10and b=2nm™"'. . . ... ...

(A) Variation of number of defects (n), interfacial free energy (F;),
maximum and minimum thickness (Hpaz, Hmin), fractional flat area
(fa), fractional completion of SPS with non dimensional time (7°) in a
domain size of 256\,,. (B) Variation of excess free energy (F,) and total
free energy (F;) with non dimensional time (7°). Mean film thickness,
ho = 1.2 nm. Parameters are R = —0.1, D = 0.5, § = 0.6 nm.
My=10%and b=2nm™"'. . . . ... ...

Variation of the fraction distribution with film thickness in a domain
size of 256),,. Mean film thickness, hyp = 3.0 nm. Parameters are
R=-01,D=02,6=0.6nm. My, =10% and b = 2 nm~!. Increase

in number refers to increasing time. . . . . .. ..o L.

Variation of the fraction distribution with film thickness in a domain
size of 256\,,. Mean film thickness, hg = 3.0 nm. Parameters are
R=-01,D=02,6=0.6nnm. M, =10°% and b = 2 nm™'. Increase

in number refers to increasing time. . . .. ... ..o

Variation of the fraction distribution with film thickness in a domain
size of 256),,. Mean film thickness, hy = 3.0 nm. Parameters are
R=-01,D=026=0.6nm. My, =10°and b =4 nm~!. Increase

in number refers to increasing time. . . . .. .. ...
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5.28

5.29

5.30

5.31

5.32

5.33

Variation of the fraction distribution with film thickness in a domain
size of 256\,,. Mean film thickness, hg = 3.0 nm. Parameters are
R=-01,D=0.2,§=0.6 nm. M, =10°% and b = 6 nm™*. Increase
in number refers to increasing time. . . . . ... ..o
Variation of the fraction distribution with film thickness in a domain
size of 256),,. Mean film thickness, hy = 3.0 nm. Parameters are
R=-01,D=0.2,§=0.6 nm. M, =10° and b = 8 nm~!. Increase
in number refers to increasing time. . . . . .. ... ... L.
Variation of the fraction distribution with film thickness in a domain
size of 256),,. Mean film thickness, hy = 4.0 nm. Parameters are
R=-01,D=02,§=0.8nm. M, =10%and b = 2 nm™". Increase
in number refers to increasing time. . . . .. .. ...
Variation of the fraction distribution with film thickness in a domain
size of 256),,. Mean film thickness, hy = 4.0 nm. Parameters are
R=-01,D=02,6=0.8nm. My, =10%and b = 8 nm~!. Increase
in number refers to increasing time. . . . . . ... ...
Phase diagram for sub spinodal length scales in the intermediate stage
of phase separation for different parametric values of My, b, D, §. Do-
main size of 10\, . . . . . ...
Phase diagram for sub spinodal length scales in the intermediate stage
of phase separation for different parametric values of My, b, D, §. Do-

main size of 10\, . . . . . . ..
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