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Abstract

The self-arranging, far-from equilibrium, unstable thin film systems have wide range
of technological applications, and the most significant among them is generating con-
trolled nanostructures and patterns. My doctoral research focuses on investigating
the possibility of creating precisely defined nanostructures from spontaneous self-
organization of unstable thin liquid films. A free-energy functional that facilitates a
double tangent construction characterizes thin films on coated substrates under the
influence of gravity. These films spontaneously phase separate into a thinner equilib-
rium phase and a thicker equilibrium phase when subjected to random fluctuations.
This phenomenon has been termed as ‘true morphological phase separation’ (true
MPS), owing to the formation of two true equilibrium phases, unlike general dewet-
ting or normal MPS in thin films not influenced by gravity. Two distinct pathways
of true MPS have been observed for these thin film systems, namely the ‘defect path-
way’ and the ‘direct pathway’. Both pathways show an initial power law decay with
exponent 1/4 in time followed by a plateau in the number density of domains/defects
for 2 — D simulations. Thereafter, the defect pathway shows another universal power
law decay with exponent 1/3 and ends with a logarithmic decay. The direct pathway

skips second power law decay and goes directly to logarithmic decay.

The free-energy functional for these thin film systems is asymmetric and most
of the unstable film thicknesses are closer to the thinner equilibrium phase. The
morphological evolution of an unstable film closer to the thinner equilibrium phase,
results in the appearance an equilibrium flat-film and circular droplets. The flat-film

corresponds to the thinner equilibrium phase, while the droplets are all at various
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thicknesses are aptly called defects. These defects are not at equilibrium and hence
coarsening proceeds at a rapid phase (growth exponent 1/4) until the droplets reach
the thickness corresponding to the thicker equilibrium phase. Thus, there is a time
delay in the appearance of the thinner equilibrium phase and the thicker equilibrium
phase. This pathway has been termed as the ’defect pathway’ and results in the
formation of 'flat-film and cylindrical droplets’ pattern. Most of the films undergoing
true MPS follow the defect pathway and the extent of defect-coarsening stage depends
on the initial thickness of the film. The defect-coarsening is similar to the ostwald

ripening of domains and hence true MPS is a ripening based pattern formation process.

Films with thickness almost halfway to both the equilibrium phases undergo true
MPS through the ‘direct pathway’. Here, both the equilibrium phases appear simul-
taneously in the system, thus negating the existence of defect-coarsening stage as
there is no time delay. A bicontinuous pattern formation is observed for thin films
undergoing true MPS through direct pathway. For films that are closer to thicker
equilibrium phase, the thicker phase appears first in a reverse defect pathway and
they are characterized by a ‘circular-holes and cylindrical ridges’ pattern formation.
The mid-point of both the equilibrium thickness lies closer to the spinodal bound-
ary due to asymmetricity and hence almost all the films undergo true MPS either
through defect pathway or the direct pathway. The longer the time delay between
the appearance of the first and second equilibrium phases in true MPS, the higher is
the probability that the structures overcome the disorder on the substrate. Thus, for
any given system, a thicker equilibrium film has higher chances of getting arrested by

random disorder on the substrate than the thinner films.

For chemically heterogeneous substrates, the direction of diffusion is from less
wettable regions to more wettable regions. But, the structures (liquid droplets) ap-
pearing on the wettable patches spill out of the patch area and never replicate the
shape of the patch, when it is sharp-edged. Also, equilibrium structures appearing
in the more wettable outer region never spill over into less wettable patches. Hence,

the system is divided into three sub-regions to create complex structures. The more



wettable (least chemical potential) inner region is separated from the outer region by
a boundary that is the least wettable (highest chemical potential) of all three regions.
The gradient of diffusion is towards the inner region and hence any droplet in the
region coarsens until it completely fills the area of the region (taking the shape of
the patch in the process). The boundary acts as a potential barrier that restricts the
spill-over of the structure in the inner region. The ripening of domains in the outer
region continues until asymptotic time scales, but the structure in the inner region
remains unperturbed. Also, for systems with multiple wettable regions and bound-
aries, patterns which are unrelated to the equilibrium structures can spontaneously
emerge and stabilize in the outer region by geometrical frustration. This technique
uses neither ‘freezing’ nor ‘quenching’ and still enables the creation of either single
or multiple nanostructures from a single template with precisely defined shapes and
sizes. This methodology presents a new paradigm of understanding pattern forma-
tion in nature and lays out simple protocols which are experimentally realizable and
applicable in hugely diverse fields such as fluid flow and cell biology, engineering and

science of information theory, biomimetics, nano-fabrication and tailored materials.

vil



viii



31K

HIcH-YIEYT, Tolel O T, O qclell hed JoMiardl HT eh19eh of § ceheileh!
3ot AR 3T § Fo HeeadqUl AT aAeiegar 3R deat 3cueet T @M
M SFC ITEYU ST W higd § AW gdell aReT fhedl & Tad:Ehel
TAfTeHaor ¥ wée &9 4 IR Adecar Sl H FHEeA| Th FFd Foll
SiicAs & b U Flaur § sao FToR@r AT & dE5d AU HeEee W Tdel
Tthoal T TaRIVAT § JRcarehyor & G3Ta| I e A TOT H Teh Yol Hololel
3R Tk A Holel & TOT A 3Heldl g Sl § S Aefess 3dR-ued & 3iefeT
giclr 8

S8 HTHAT & 'IEAdh FcHAD TOT JUFHIOT gl STell &, & qed Hcolel TRON
% ST & PHRUT, FHGT SIAEdl & [AUAd AT Tdell hedl H AT THAGITH
TRcdTehYUT ¥ THITAT FT6T 8l &1 & 3(elar-37elal IEd 31 Udell Thed yonferdr &
foT T &8 1w §, [T a1 QY AR 3R 'gegat ANl §| aAl IFT Th IRfAS
ATFT FIoeT & &7 &I GATT & SIAT / AT T HE&AT Tefed H T YR & 16 AT
# 1/4 gcsh 2 & AT - & @A 30 g, &Y AL Toh AR A@eii@s afed
fe@rar & fafer 1/3 ardies & @Y &9 3R U GgIUTh & & HIY FATCA Bl B
e TEAT GERT GlaR ol &7 il & 3R WY ATREHAb &7 1 STl g1 $oF Tefoll
thed guniorl & faIT Heord Foit HrdlcAs HTATAT 3N Fa& 386 § 3w hen
I AT Tclel Holel & TOT o I gl ¢l Teh W oA & FrcAs faahm,
St el Holel & U §, TRUMH Teh A FU€ Wed 3R aRuT et 7 fears
& §1 Felc oA gdel Hele & TWOT § A WA g, Siafh gar @i faffes §
AleTS FT 39IFT T A AV FeT AT §l T AW et & 7@ § 3R safIC e
ﬁ@ﬁﬁﬁﬁﬂ(ﬁﬂﬂ?%ﬂ@ﬁﬁ%ﬁmaEfdncol HJolel =T
& IHIET A 3H THR, Th AT § Tdo Holel ROT 3 Al HJelel 6
3ufeafa & & o1 39 AR # ST AT F & F ST SAar & 3R 573 aRome
A § 'TFole-fhedA 3N JelelR Fal' & Ueel &l e | SAEIeR fhodl Tel W@ &




T TANTH 2l AT HT HEOT AT § AR QA9-AC wRoT B AAT fAeR wclr &
fther &1 AT HICE W SAV-AIE gl HEedlos & FHAE ¢ SHAT & Tohel AR
AT T TANTH U Uehe! dlell Uead et ufshar Bl

aldil HATAIIN arel HIers arel fherd @ & IR §

e AT & ACTA § TAACH Tgi, &l Tclelsl TROT Teh FIY oTel #H fe@ms &d
g =0 YR QV-AlC WUT & Hedcd H AhRA & FHT H & 787 &1 gden hea?
& fov v (AR e FT aTea @ Srar & WS TEd & AEIH I vHUT
e T g1 Wl FedAm & fav S 3iftes uelr gl § delet =0T, HIET =0T Ygol
e Rad ey ARt 7 gee gidr § 3R 3 T MaeRr 86 3R SaaeR ol Ut
TS #r A g

el Felel &I HISTg & HEY-fdg IFATAI & HROT ThAIs HAT & Hld § 3R
SATIT SaTeraT Tl heal W A R § Al AT A1 Joget A9 & AeyH q| i
# TS & TAT gl I TANTH # Ugd 3N gEY Aol TUN Hr 3ufEufq,
3TAR § AT § b AT Helde W bR Al gy il §1 36 IR, & foIv
forell off yuTrel, Ush AT Horol dlell e SaRT FREAR glet T FHIaeT it
gicl & gdel fhedl &I Jolell # Hefee W Iefeos [GeR| IS &7 4 fava
geace & fov, gar &1 feem &7 @ § 3% sfer &= & fov sfem a9 e,
HLIATHT (Rl §al) A gerel A U W fewrs &d & o 99 & & ag? fo¥eherdl
g 3R el of wfdspfa gl e § 99 &7 3R, S« Ig e YN arell 811 38
37T, HJolel EXA3N @S & @ § 31Tt afvem aredl &t & A oo 47 & $o
Fe 8T 3d, el TITABT &l T & fov e & I 39-a=1 & oo
forar aram g1 31Tk el (FA & A TaITAS &7AdT) HIad &7 carT agd 89 4
3797 TR ST § Teh HAT St it 8131 hr TaH hd &7 AT dTell (3Tddd I faie
&THAT) &1 SR T Yaourdr 3dRe &7 $r 3R gidr § 3R safav e off g &
SIS e TE &1 & &F I QU TRg ¥ W g I g, dd ofoh &1 A g S § 39
gferar & $a)| AT T @aIfdd HaRUE & ¥T A FI T & o 39 gfaefad
LAl & ARG &F H I & herd|




e A S & Uhelald dd oeh ST @l 8 S deh [ Toeilene @Ey o @,
olfehel MRS 817 H AITAT JIRATE o1 g3 &1 FHh 3refmar, & e & 3R
st & wr feed & fov, ddes & v swafta deet St deet 3mae & &
Hehel § SAMAAT ol GarT agdl &7 # 39T 3R U gl T§ ceboleh o ot
WIS AR & 'UFHA FT ITANT Far § AR 3N o ke & AT A FarA
I § A1 S ¥ IReRT IEfadl & AT T TEhd SFTeie § Fn AdRcad
PR | I TetTc Fepicl H UeoT & ITSeT T FHSAe T Teh o9AT FIAHT FEJT el
¢ 3R W el F T A § S TAETcAS ¥ § A@ed ¢ AR g7 vaw
SEARH, AA-AAT AR ITET FHAT HT A







Contents

Certificate i
Acknowledgements iii
Abstract vii
List of Figures xxiii
1 INTRODUCTION 1
1.1 Unstable Thin Liquid Films . . . . . . ... ... ... ... ..... 3
1.2 Morphological phase separation in unstable thin liquid films . . . . . 6
1.3 True MPS in unstable thin liquid films . . . . . . .. . ... ... .. 12

1.4 Nanostructures and pattern formation on chemically heterogenous sub-

strates . . . . . L 16

1.5 Organization of Thesis . . . . . . ... ... ... ... ... ... . 18

2 MATHEMATICAL MODEL AND NUMERICAL SCHEME 19
2.1 Nondimensionalization . . . . . .. ... .. .. ... ... ...... 22
2.2 Numerical Simulations . . . . . .. .. ... ... 0. 24
2.2.1 Initial and boundary conditions . . . . . . ... ... ... .. 25

2.2.2  Numerical Scheme . . . .. ... ... ... ... ... .. 25

3 PATHWAYS AND KINETICS OF TRUE MPS 27
3.1 Morphological evolution during true morphological phase separation . 28

X



3.2 Kinetics of true MPS . . . . . . ... 33
3.3 True MPS in apolar-polar thin film systems . . . .. ... ... ... 39

4 RIPENING BASED PATTERN FORMATION DURING TRUE MPS 47
4.1 Pattern formation during true MPS of thin liquid films . . . . . . .. 47

4.2 Morphological evolution for perturbations of large amplitudes . . . . 55

5 PATTERN FORMATION ON SUBSTRATES WITH RANDOM
DISORDER 65

5.1 2-D simulation results for true MPS on substrates with random disorder 66

6 PATTERN FORMATION ON CHEMICALLY HETEROGENEOUS

SUBSTRATES 83
6.1 Nanostructures on substrates with more wettable sub-regions . . . . . 84
6.2 Nanostructures on substrates with less wettable sub-regions . . . . . 95
6.3 Challenges for creating precisely defined nanostructuress . . . . . .. 98

7 CONTROLLED NANOSTRUCTURES ON CAREFULLY TEMPLATED

SUBSTRATES 101
7.1 Results and Discussion . . . . . . . . . . .. 121
7.2 Secondary Structures . . . . . .. ... 130
8 CONCLUSIONS 135
Bibliography 153
Brief Bio-data of the author 155
Publications 155



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

Schematic diagram of a supported thin liquid film . . . . . . . . . ..

A typical diagram showing the coarsening of droplets in late stage

(ripening). . . . . . ...

A typical diagram showing the coarsening between instabilities in early

A typical diagram showing the coarsening of droplets in close proximities.

Morphological evolution of a typical thin liquid film undergoing MPS.

Variation of number density of local maxima with time for a typical

thin liquid film coating undergoing MPS. The units are arbitrary.

Pattern formation during MPS of a typical thin liquid film undergoing

morphological phase separation. The units are arbitrary. . . . . . ..

Variation of the excess free energy per unit area (AG) and spinodal pa-

rameter (92AG/0h?) with film thickness (h) for a coated-apolar system.

The parameters are § = 10 nm, A, = 1.4 x 1072° and A, = —1.4 x 1072,

Variation of the excess free energy per unit area (AG) and spinodal
parameter (0?AG/Oh?) with film thickness (h) for a coated-apolar-

gravity system. P; indicates the thickness at which the forces balance.

The parameters are § = 128 nm, A, = 1.4x 1072 and A, = —1.4 x 1072,

x1

10

11

13

14



1.10 Variation of the excess free energy per unit area (AG) and spinodal pa-

2.1

2.2

3.1

3.2

3.3

3.4

rameter (0?AG/Oh?) with film thickness (h) for a polar-apolar system.
P, and P, indicate the thicknesses at which the forces balance. The pa-
rameters are A, = —4.7x 1072, Sp = —3.75x 1074J/m?, dy = 0.158nm

and [, =0.6nm. . . . ...

Schematic diagram of a generic thin liquid film on a substrate

Equilibrium contact angle given by the resolution of interfacial tensions

at the three phase contact line. . . . . ... .. ... ... .. ....

Evolution of a 214nm thin film on a 128nm coating into two equi-
librium phases through the defect pathway. Panels a—f present the
morphology at their corresponding non-dimensional times (T). H is
non-dimensional film thickness. System size is 8192L,, and the simu-

lation parameters are R = —0.1, D = 0.6 and Q = 8.6 x 1073.

Evolution of a 400nm thin film on a 192nm coating into two equilibrium
phases through the direct pathway. Panels a—d present the morphology
at their corresponding non-dimensional times(T). H is non-dimensional
film thickness. System size is 8192L,, and simulation parameters are

R=-01,D=048and @ =0.105 . . . .. ... .. .. ... . ...

Phase diagram showing the binodal and spinodal boundaries for coated-
apolar-gravity systems. The system parameters are A, = 1.4 x 10720

and A. = —1.4x 10721 . . .

Variation of non-dimensional maximum thickness [H,] and minimum
thickness [H,] with time for a 214nm film on 128nm coating and a
400nm film on 192nm coating undergoing true MPS. System sizes are
8192L,, and simulation parameters are R = —0.1, D = 0.6, Q =
8.6 x 1072 for 214nm film and R = —0.1, D = 0.48, Q = 0.105 for
400nm film. . . . ..

xil

15

19

22

29

30

33



3.5

3.6

3.7

3.8

3.9

3.10

Variation of number of equilibrium domains (top panel, A) and number
density of local maxima (bottom panel, B) with time for a 214nm film
on 128nm coating and a 400nm film on 192nm coating undergoing
true MPS. System sizes are 8192L,, and simulation parameters are
R = -0.1,D = 0.6, Q = 8.6 x 1072 for 214nm film and R = —0.1,
D =048, Q =0.105 for 400nm film. . . . ... ... ... ... ...

Variation of the interfacial(F}), excess(F.) and total(Fj) free energies
for a 214nm film on 128nm coating undergoing true MPS through defect
pathway. System sizes are 8192L,, and simulation parameters are R =

—0.1,D=06,Q=86x10"3 . . . .. ... ...,

Variation of the interfacial (F}), excess (F.) and total (Fy) free energies
for a 400nm film on 192nm coating undergoing true MPS direct path-
way. System sizes are 8192L,, and simulation parameters are R = —0.1,

D=048, Q=0.105. . . . oo

Evolution of a 2.2nm aqueous thin film into two equilibrium phases
through the defect pathway. Panels a—f present the morphology at
their corresponding non-dimensional times(T). H is non-dimensional
film thickness. System size is 8192L,, and simulation parameters are

D=0071, L=0272and R=—1487. . . . . ... ... ... ....

Evolution of a 2.7nm aqueous thin film into two true equilibrium phases
through the direct pathway. Panels a—d present the morphology at
their corresponding non-dimensional times(T). H is non-dimensional
film thickness. System size is 8192L,, and simulation parameters are

D=0059, L =022, R=—2154 . . . .

Variation of maximum thickness[H,| and minimum thickness|H,| with
time for 2.2nm and 2.7nm aqueous films undergoing true MPS. System
size is 8192L,, and simulation parameters are D = 0.071, L = 0.272,
R = —14.87 for the 2.2nm film and D = 0.059, L = 0.22, R = —21.54
for the 2.7nm film. . . . . . .. ..o

35

38

39

40

41



3.11

3.12

3.13

4.1

4.2

4.3

Variation of number of equilibrium domains (top panel) and number
density of local maxima (bottom panel) with time for 2.2nm and 2.7nm
aqueous films undergoing true MPS. System size is 8192L,, and simu-
lation parameters are D = 0.071, L = 0.272, R = —14.87 for the 2.2nm
film and D = 0.059, L = 0.22, R = —21.54 for the 2.7nm film.

Variation of the interfacial(F;), excess(F.) and total(Fy) free energies
for a 2.2nm aqueous film undergoing true MPS through defect pathway.
System size is 8192L,, and simulation parameters are D = 0.071, L =

0272 and R=—14.87. . . . . . . .

Variation of the interfacial(F;), excess(F.) and total(Fy) free energies
for 2.7nm aqueous films undergoing true MPS through direct pathway.
System size is 8192L,, and simulation parameters are D = 0.059, L =

022, R=—21.540 . . . o

Pattern formation during true MPS of a 320nm homogeneous film on
192nm coating leading to a flat-film and cylindrical drops (the defect
pathway). Left-panels present the lateral view of the system and the
corresponding right-panels present the top view. Parameters are B =

—0.1, D = 0.6, G = 0.02287 and the system size is 1024L3,. . . . ..

Pattern formation during true MPS of a 384nm homogeneous film on
192nm coating leading to a circular holes and cylindrical ridges (the
defect pathway). Left-panels present the lateral view of the system and
the corresponding right-panels present the top view. Parameters are

B =—0.1, D = 0.5, G = 0.02287 and the system size is 1024L2%,. . . .

Pattern formation during true MPS of a 350nm homogeneous film on
192nm coating leading to a bi-continuous pattern (the direct pathway).
Left-panels present the lateral view of the system and the corresponding
right-panels present the top view. Parameters are B = —0.1, D =

0.549, G = 0.02287 and the system size is 1024L3,. . .. .. ... ..

Xiv

43

44

44

57

o8



4.4

4.5

4.6

4.7

5.1

5.2

5.3

Variation of the height field along a diagonal cross-section (X=Y) for
thin liquid films of thicknesses 320nm, 384nm and 350nm respectively.
The top, middle and bottom panels correspond to the patterns pre-
sented in figs.4.1,4.2 and 4.3 respectively. . . . .. .. ...

Statistical measures for the evolution presented in fig. 4.1. The top and
bottom panels correspond to the structure factor and length scale of

the domain size, respectively. . . . . . .. ... ... ... ... ...

Statistical measures for the evolution presented in fig.4.3. The top and
bottom panels correspond to the structure factor and length scale of

the domain size respectively. . . . . . . . ...

Pattern formation during true MPS of a 320nm homogeneous film on
192nm coating for large amplitude localized perturbations. Left-panels
present the lateral view of the system and the corresponding right-
panels present the top view. Parameters are B = —0.1, D = 0.549,
G = 0.02287 and the system size is 1024L3,. . . . . . . .. .. .. ..

Free energy curves for three different values of wettability. . . . . . . . . .

True Morphological Phase separation of a 400nm thin film on a 128nm
coating through the direct pathway. The top and bottom panels present

the non-dimensional thickness(H) at their corresponding non-dimensional

times(T). System size is 8192L,, and the simulation parameters are

By =-01,0B=005D=032and Q=86x1073. . . . ... ...

True Morphological Phase separation of a 172nm thin film on a 128nm

coating through the defect pathway. The top and bottom panels present

the non-dimensional thickness(H) at their corresponding non-dimensional

times(T). System size is 8192L,, and the simulation parameters are

B, =-0.16B=—-0.05D=06and Q=86x103. ... ......

XV

60

61

62

63

67

68

69



5.4

5.9

5.6

5.7

5.8

5.9

5.10

0.11

Variation of number density of local maxima with time for a 400nm film
on 128nm coating(top panel), and 172nm on 128nm coating (bottom
panel) undergoing true MPS. System sizes are 8192L,, and simulation
parameters are B,, = —0.1, §B = —0.05, and Q = 8.6 x 1073 for 172nm
film and @ = 0.105 for 400nm film. . . . . . . ... .. .. ... ...

Variation of number of number density of local maxima with time for
172nm, 214nm, 278nm and 400nm films on a 128nm coating, undergo-

ing true MPS. System sizes are 8192L,, and simulation parameters are

R=-01,D=06Q=86x10" .. .. .. ... ... .......

Variation of number of number density of local maxima for various
strength of disorder (top panel) and various average patch sizes (bottom
panel) with time for a 400nm film on 128nm undergoing true MPS.
System sizes are 8192L,, and simulation parameters are B,, = —0.1,

D=032,Q=0.105. . ... ...

Variation of of total free energy with film on 128nm coating and a
400nm film on 192nm coating, undergoing true MPS. System sizes are
8192L,, and simulation parameters are R = —0.1, D = 0.6, Q =
8.6 x 1072 for 214nm film and R = —0.1, D = 0.48, Q = 0.105 for
400nm film. . . . ...

A typical template of the surface with disorder for 3 — D simulations.

Pattern formation during true MPS of a 400nm homogeneous film on
128nm coating. Panels a-c present the lateral view of the system and

panels d-f present the top view. . . . . . . .. ... .. ... ...

Pattern formation during true MPS of a 172nm homogeneous film on
128nm coating. Panels a-c present the lateral view of the system and

panels d-f present the top view. . . . . . . .. ... ... ...

Variation of total free energy (top panel) and entropy (bottom panel)
for true MPS of a 400nm film on 128nm coating. . . . . . . . . . . ..

XVl

72

73

74

5

76

7

78

79



5.12

5.13

6.1

6.2

6.3

6.4

6.5

Variation of total free energy (top panel) and entropy (bottom panel)
for true MPS of a 172nm film on 128nm coating. . . . . . . . . . . ..

Length scale obtained from structure factor for 400nm film (top panel)

and 172nm film(bottom panel). . . . . . ... ...

Typical templates of chemically heterogenous substrates. The chemi-
cal heterogeneity is introduced by dividing the system into regions of
different wettabilities by coating the substrate with different materials.

The colorbox adjacent to the figs. represents the value of —B—. . . .

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(a). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . . ... ...

Pattern formation during true MPS of a 384nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(a). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . ... .. ..

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(b). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . ... .. ..

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(a). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . ... .. ..

xXvii

80

81

84

85

86

87

88



6.6

6.7

6.8

6.9

6.10

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(b). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . . ... ...

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(b). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . . .. .. ..

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(b). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . ... .. ..

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(a). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . .. . . ... ...

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(b). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . . ... ...

XVviil

89

90

91

92



6.11

6.12

6.13

6.14

6.15

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(b). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . . ... ...

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(b). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . ... .. ..

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(b). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . ... .. ..

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(b). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . . . ... ..

Pattern formation during true MPS of a 320nm homogeneous film
on 192nm coating on a chemically heterogenous system as shown in
Fig.1(b). Left-panels present the lateral view of the system and the cor-
responding right-panels present the top view. Parameters are D = 0.6,

G = 0.02287 and the system size is (16Ly)% . . . . . . . .. ... ..

Xix

94

95

96

97



7.1

7.2

7.3

7.4

7.5

7.6

7.7

Schematic diagram representing chemical heterogeneity in the system.
A typical substrate with three regions (corresponding to By, Bs, Bs) of
different wettabilities. Each region is physically and chemically homo-
geneous in itself and the corresponding free energy has a double well
structure with two finite minima as shown in Fig. 7.3. Each region

arbitrarily can take any shape. . . . . . .. ... 000

Individual free energy, chemical potential and spinodal parameter plots for

the three regions of varying wettability. . . . . . . . . .. .. ... ...

Morphological evolution of a liquid film on the substrate templated as shown
in Fig.1.1a. Panels a-e present the lateral view and panels f-j present the
top view of the snapshots of the morphological phase separation process at
non-dimensional time 7. H is non-dimensional film thickness. System size
is (16L,,)? and the simulation parameters are By, = —0.1, By; = —0.125,
By, = —0.075, D = 0.6 and Q = 0.031. The structure in the sink complies

with the template. . . . . . . . . . . ...
The order of free energy for the system as shown in Fig. 7.3.

Phase diagram for the liquid film system considered in our study. Points
M; and M, fall into the spinodal region (or unstable region) of all the
three subregions corresponding to Fig. 4. M; corresponds to defect pathway

whereas My corresponds to direct pathway. . . . . . . . . ... ... ..

Morphological evolution of a liquid film on a substrate with square shaped
inner subregion. Panels a-d present the lateral view and panels e-h present
the top view of the snapshots of the morphological phase separation process
at non-dimensional time T following Mechanism-I. H is non-dimensional
film thickness. System size is (16L,,)? and the simulation parameters are

Bsp = —0.1, By = —0.125, By, = —0.075, D = 0.6 and Q = 0.031. . . . . .

Diagonal height fluctuations corresponding to evolution morphology in

Fig. 6 for the defect pathway. . . . . . . ... ... .. ... ... ..
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7.8

7.9

7.10

7.11

7.12

7.13

Diagonal heights showing the cylindrical droplet (panel a) and its con-

version into the square structure (panel b). . . . ... ... ... ..

Morphological evolution of a liquid film on a substrate with a square shaped
template. Panels a-d present the lateral view and panels e-h present the
top view of the snapshots of the morphological phase separation process
at non-dimensional time T following Mechanism-II. H is non-dimensional
film thickness. System size is (16L,,)? and the simulation parameters are

By, = —0.1, By; = —0.125, By, = —0.075, D = 0.6 and Q = 0.012. . . . . .

Diagonal height fluctuations corresponding to evolution morphology in

Fig. 9 . o o

Schematic diagram showing the liquid drop on a solid substrate and

the Young’s condition of drop equilibrium on the substrate. . . . . .

Schematic diagram showing free evolution of a liquid film on a substrate
under the force field described in (Eq. 3). The film is initially flat and is
given a small perturbation. There are no geometrical constraints in the
evolution, i.e., liquid moves freely. A, B, C, D correspond to different
stages of the evolution starting from a flat film. Note that the presence
of second finite equilibrium phase (which is due to gravity in this case)
determines the upper bound of the film and tries to flatten the droplet.

The equilibrium behaviour is cylindrical droplet with flat surface.

Schematic diagram showing the arresting of liquid and structures ob-
tained under geometrical constraints. Bent curves represent boundaries
enclosing some volume of the outer subregion. Arrowheads represent
the region of high pressure gradient. Depending on the amount of en-
closed volume liquid can take its natural shape (i.e. droplet) or any
frustrated shape (Fig. 14) dictated by the curvature of the boundaries.
A liquid droplet is formed if the enclosed volume is much greater than
the volume corresponding to the width 2a, where 2a is the minimum

width to hold a liquid droplet. . . . . . . .. .. ... ...
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7.14 Schematic diagram showing a frustrated shape formed under the cur-

7.15

7.16

vature constraints. The enclosed volume is not sufficient for the free
evolution of liquid, it is more constrained. Liquid is not free to take
its natural shape, it is arrested and under these constraints it tries to
attain the best possible shape. Note that the state taken by the liquid
is not the lowest free energy state and does not correspond to thermo-
dynamical equilibrium. From our numerical simulations we conclude
that geometrical constraints sometimes govern the thermodynamics.
Depending on the nature of the curvature the shape taken by liquid

can be anything. . . . . .. .. o L oo

Morphological evolution process of the 3-D structure shown in Fig. 4i. Pan-
els a-d present the lateral view and panels f-j present the top view of the
snapshots of the phase separation process at non-dimensional time 7". H is
non-dimensional film thickness. System size is (16L,,)? and the simulation

parameters are By, = —0.1, By; = —0.125, By, = —0.075, D = 0.6 and

Multiple 3-D structures of varying sizes and shapes on 2-D templates. Panels
a, d, g present the templates; panels b, e, h show the lateral view of the
equilibrium 3-D liquid structures and c, f, i present the corresponding top
views. The colorbox adjacent to the panels a, d, g indicates the values of B
(and thus, wettability) across the template. The colorbox adjacent to the
panels ¢, f, i indicates the height (H) of the liquid film. The system size is
(16Ly)? and simulation parameters are D = 0.6 and Q = 0.043. Evolution
of the system shown in panels g, h, i is given in Fig. S4 of supplementary

materials. . . . . oL L L e e e e
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7.17

7.18

7.19

7.20

7.21

Morphological evolution process of the 3-D structure shown in Fig. 5h. Pan-
els a-d present the lateral view and panels f—j present the top view of the
snapshots of the phase separation process at non-dimensional time 7. H is
non-dimensional film thickness. System size is (16L,,)? and the simulation

parameters are By, = —0.1, By; = —0.125, By, = —0.075, D = 0.6 and

Formation of secondary structures unrelated to the templates. Panels a, c,
e, g, i, k present the templates, and b, d, f, h, j, 1 present the top view of
the resultant 3-D structures. The system sizes are (16L;)? and simulation
parameters are B, = —0.1, By, = —0.125, By, = —0.075, D = 0.6 and
@ = 0.043 for all the results presented above. Evolution of the system
shown in panels g and h is given in Fig. S5 of supplementary materials. . .
Complex structures created from the morphological phase separation of a
liquid film. Panels a—f show structures inspired by a honey-comb, sectored-
plate snow flake, numbers, alphabets, Fibonacci spiral and a leaf with veins,
respectively. The colorbox adjacent to the panels indicates the height (H)
of the liquid film. The templates for these structures are provided in Fig. S6
of supplementary materials. The system sizes ranged from (16Lj)? to
(32LM)2. Simulation parameters are By, = —0.1, By; = —0.125, By, =
—0.075, D = 0.6 and @ = 0.043 for all the results presented above.

Variation of excess(F.), interfacial (F;) and total(F, + F;) free energy
with time for the system presented in Fig.9. The top panel presents
F, and F; for the localized structure. Middle panel presents F, and F;
for the whole system. The bottom panel presents total free energy for
both the localized structure and the whole system. . . . . . . . . . ..
Variation of entropy with time for the localized structure and the whole

system presented in fig. 7.9 . . . .. ..o
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