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Abstract

Substrates with nano-scale patterns have diverse applications, including in MEMS/NEMS, lab-
on-chip, medical, water-collecting devices, bio-scaffolds, thin film solar cells, organic
semiconductors, integrated circuits, and more. Compared to traditional lithography techniques,
one of the most cost-effective and straightforward methods to create small-length scale patterns
is the self-organizing thin liquid films on a solid substrate through dewetting under attractive
intermolecular or external forces such as magnetic or electric forces. Experimental and
numerical studies have systematically investigated the dewetting of thin films under different
force fields. Most theoretical studies of thin film dewetting rely on the thin film equation
derived by simplifying the Navier-Stokes (NS) equations using the lubrication approximation.
However, this approximation assumes small slopes and negligible inertia, which may not be
accurate for metallic thin films or magnetizable liquid thin films subjected to magnetic fields,
where high asperity ratio patterns defy the small slope assumption. In the case of thin films
composed of incompatible polymer blends or metallic alloys, simultaneous phase separation
and dewetting occur. A comprehensive understanding of the dewetting of complex thin liquid

films often necessitates solving the NS equations without simplification.

This thesis explored the dewetting of non-magnetizable and magnetizable thin liquid films
under intermolecular, magnetic, or both force fields. Films are sandwiched between the two
solid, homogeneous, impermeable substrates with a gap occupied by the bounding fluid.
Depending on the nature of thin liquid film, the stability analysis of thin films is carried out
either by thin film equation or by indirectly solving the NS equations without any simplification

using the lattice Boltzmann method (LBM).

First, we studied the dewetting of non-magnetic, inhomogeneous liquid thin films under
attractive intermolecular interactions using the thin film equation, and air is the bounding fluid.
Thin film is inhomogeneous with respect to viscosity, which is dependent on film thickness,
and is considered a decrease in viscosity with a decrease in film thickness. The variation of the
viscosity with the thickness is dictated by the parameters M, p, and 7y; the latter parameter is
the radius of gyration. For these films, under van der Waals (vdW) force between the interfaces
of film-air and bottom substrate-film, T. Kotni et al. reported sub-spinodal length scales if the

film’s mean thickness ( h,) lies in the spinodal range which depends on the viscosity



parameters. Because of the possibility of reducing the length scales further compared to the
length scales from the dewetting of inhomogeneous thin films under vdW force, the first
objective thesis considered attractive short-range force between the interfaces of film-air and

top substrate-air, along with the vdW force. The decay length () determines the distance from

the top substrate in which short-range force is effective.

To study the effect of short-range force on the dominant length scales (1,4,,,) along with the
vdW force, the thin film equation, a nonlinear degenerate parabolic fourth-order partial
differential equation, is discretized in space by second-order central finite difference scheme
(FDM), and time-integrated using Gear’s algorithm. Depending upon the top surface position
(d) and [,,, the film experiences a short-range force in different stages of dewetting. At very
low values of d (> h,) or higher values of [,,, short-range force interferes with the bottom
dewetting and forms a single hole in A4,,,. Whereas at lower [, values, the film experiences a
short-range force in the hole growth face and forms more than one hole in Ag4,,. At lower [,
values, a maximum number of holes in A,, will form when the strength of the short-range
force (|S4B| < |SIY]) is moderate, the top surface is at 2h,, and when h, is in the spinodal

range.

Understanding the detailed dewetting mechanism and pattern formation from the complex thin
film on various substrates requires directly solving the NS equations. In this pursuit, the thesis’s
second objective focused on dewetting non-magnetizable thin liquid films under vdW force by
indirectly solving the NS equations using one of the mesoscopic approaches, the LBM. Unlike
traditional CFD techniques, it is not computationally intensive, and implementation is
straightforward. The LBM significantly reduces the compute time due to its highly

parallelizable nature.

In this objective, the bounding fluid is assumed to be a vapor of a liquid, so one of the simplest
LBM multiphase methods, the pseudopotential method, was employed. The stability analysis
is carried out in 2D and 3D using a single-component multiphase (SCMP) pseudopotential
LBM with a multiple-time relaxation (MRT) time collision operator at the liquid and vapor
density ratio 98.48. D2Q9 (D2 represents two-dimension and Q9 represents nine possible
microscopic velocities in which a particle can move) and D3Q15 (D3 represents three-
dimension and Q15 represents fifteen possible microscopic velocities in which a particle can
move) lattice models are used in 2D and 3D, respectively. In-house codes are developed using

C language, and the 3D LBM codes have been parallelized using a message-passing interface

Vi



(MPI). The reported dewetting stages, namely, the arrangement of fluctuations on a dominant
wavelength, hole formation, and expansion, are successfully observed with the present
numerical method in both the dimensions. The breakup of liquid threads between the holes into

droplets due to Rayleigh instability has also been also captured in 3D. In 2D, at the time of

initial rupture of the film the average dominant wavelength ((Adom’rup)avg) is calculated by
DFT (discrete Fourier transform) and it was observed that (Adom,rup)avgwas much greater than

that predicted by linear stability analysis A4, 154 , using lubrication approximation. The study
reveals that this deviation can be contributed to the shear stresses present at the interface, high

contact angles, and diffused interface.

In the third objective, the stability of ferrofluid thin liquid films under magnetic and vdW forces
is studied. Ferrofluids are colloidal suspensions of magnetic nanoparticles of less than 15 nm
diameter. The present work considered ferrofluid as a single-phase, magnetizable liquid; this
assumption is valid when the concentration of magnetic particles is less than 0.1. Along with
the NS equations, Maxwell's equations of magnetism also play a role in dictating the stability
of ferrofluid thin films. The resultant equation for magnetic potential obtained from Maxwell’s
equation is discretized using a second-order central finite volume scheme (FVM). The resulting
system of linear equations is solved using the alternating direction implicit method. The FVM
algorithm is coupled with the SCMP MRT LBM algorithm, collectively known as hybrid LBM
(HLBM); hybrid is due to two different numerical approaches used to solve NS and Maxwell

equations.

An in-house code of the HLBM algorithm was developed, and the stability of linearly
magnetizable ferrofluid thin films under different magnetic field directions along with vdW
force was studied. The instability of the interface depends on the nature of the vdW force, the
2

direction of the external magnetic field, Bo,, (= HOZ—;H"), and the permeability ratio of thin

film and bounding fluid (%) If the ferrofluid completely wets the substrate under the

4

horizontal magnetic field, the interface oscillates in the longitudinal direction when Bo,, >
Bo.,i. Whereas under the vertical magnetic field, undulations at the interface grow into peaks.

The number of peaks is a function of Bo,,, %, and h,. Also, the drop is pinching under the

vertical magnetic field due to Plateau instability. At high values of Bo,, and %, elongation of

the drop increases, resulting in more than one daughter droplet, whereas at low values, the

vii



entire drop detaches from the substrate. The dewetting of the film is observed under both the

horizontal and vertical magnetic fields when A.fr > 0. The number of drops depends on the

strength of the vdW and magnetic forces.

The last objective of the thesis investigated the stability of temperature-sensitive (TS) ferrofluid
thin films under a magnetic field without vdW force. The NS and Maxwell equations are solved
using the HLBM algorithm, and the energy equation is discretized in space by FDM and time-
integrated using the fourth-order RK method; the coupled algorithm is called thermal HLBM
(THLBM) algorithm and the code is developed in-house. Assumed that the magnetization of
ferrofluid is a linear function of an external magnetic field and temperature for this case, the
magnetic force is twice that of the temperature-insensitive (TIS) ferrofluids. The physical
properties of the ferrofluid and bounding fluid are independent of temperature except for
density and surface tension. In the pseudopotential method, multiphase is achieved by
introducing the interaction force between the particles, which is a function of local density and
temperature, which automatically leads to the surface tension as a function of temperature. In
the early stages of instability of TS ferrofluid thin films under a vertical magnetic field, the
deformation of the interface is only due to the magnetic force. However, in the later stages, the
Marangoni flow also assists the peak formation due to the temperature variation along the
interface as the interface deforms. The height and number of peaks for TS ferrofluid are more
than those of the TIS ferrofluid film at a particular h, and Bo,,. Also, the peaks are forming
earlier than in the case of TIS films because of the increased magnetic force and Marangoni

flow.
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HNIRT

AA-FR & Yea aTel Fedged & A 3w gid g, =i MEMS/NEMS,
At Aetesaed, $éEIes wihed e enfAel &1 IRURE fordIamdT dereitent T
ol #, 31 Fedige W ¥ el Wod &1 McA-HIST & HAEIH d 3Thvh
HTOTideh AT ST il oI o Faehrg A1 e el & T8 oI a1s & Jeel &l
& GeU fRerae 3R aTer dlel # @ T g Affes gor & & dgd e oAt
& SAfET o1 FaRYT §T & TINNcHAS 3R T&IcHS eIl fohar arar g1 B

thod Safear & ifeeprer Acuilder HETTT fsinle] THITFHHARIT I IUAT FHleh
AfR-Teem (NS) FHiaol &I T s Iied ¥ e gaiewor W @R
I §| gTellfh, Ig TAMFAHLAT BIC gollel AR 0T FASAT H AT g, S
aehI &A1 & el 3T 3URET 36U YeoT arel 1 ¥t fheat a1 gaehra el

O fhert & fOT T&e 8T & Tohar &, @l ©lc ol AT gl ald| 3HId
qifoeR sols® a1 o A argst @ oot R fhedAl & AW #, 6 @y @
gUeFeor 3 Safeer gieh g1 Sfieel e oRer el & Fafder 1 camas a@st &
oIT 31eFaR Tt ATEIIOT & NS HHIRIUIT I §oT AT AT §ial &

I AT gahg IR INGIhT ¥ e hedm H 3 &1 3reager wxcr ¢
S 3H:3HOT®, JaHr, AT Al g &1 & dgd gt &1 fhed ar o, HHEE,
3¥icy geuged & o dsfaw & el g, St d A9 & vk a3fser wofgs
CaRT #U Sl g1 s Rer er &1 wpfd & 3R w1, FRrar favewor R
er TAeoT & ca@nr a1 9T fordl TXAOT & NS FHIHION Fl 35cgeT &9 d



gl I Toham STar g, oA o oifew diecoda [afer (LBM) &1 39aier fohar

ST gl

HIH TEel, §HA S 30w 3Rt & dga IN-gedhiar, A el
s fheat &1 f3afdar & reager fhar, S TR a3f3e wofgs & &0 & &
T 1 AT Fed A fhed T Al & AU F 3GATT AT am g, ST A
& "eol & Ay [GEnifadr & &aAr 1r g1 AERIfAdr &1 Ales & T @eadr &
My, p, 3R 1, FTHR A garT FERT fFar ST §; Tt 7, Wiefex sy
sar €1 T. Kotni et al. o Ra1E Far & & 3R fred 1 3iga A (k)
fegtzer o7 & &, O fhear Y ciar$ & Falr gt &, S AT Amest w fAsk
A Bl Tieh vdW FoT & g Tave RsT fhedAt & afdar & ured ofars & Jofel
H TEg H HAT HT THGT §, TATGIT MY TG & Tgol 36627 o fhedA-Ta AR
NY FeOee-T SecThd & ST 3THYs 2Ae-Ia g W R fomar &1 e ders
(I,) 98 g TuIRT et & foad Y Feage @ e aaf YA BIar Bl

MENST § I YHTAT a8 TAT (Ayp,,) T THT ST HETTT el & fov, e
fher FHtntor, ST T IR vufed WreEifoes =il A & 3 3’
GHIRIOT §, I HGT fharge 3w It (FDM) garT f3Eherss fonar arar 3R
‘TR & TeMREA” 1 39T Fleh FAI-THOT fhar arar| Ry wdg $r fFufa
d 3R 1, & MUR W, Ter FaAfer & fAffiest RO 7 AT aof F1 397 HA
g1 S8 % d (> h,) I 3T L,FE W, eI I8 el Zafeer & graeiy et
& AR Agom, H T B TN B FTafH FA [, AW W), fhed e gefar wror &
AME-IST T T IHHT FA & 3N Agom, H Th § 3UF B aolrah g1 3N




TEAT H BE HHA [, AN T TAd § o9 AE-I9T T FF dihd (|S4B| < |SHW]) ALTH

grdar g, oW Idg 2k, W giar g, 3R h, aase dar & g ar gl

Stieel s e & affeer TeddeH W Yeal a3 f3afear & faeqa deheiteh
P FHESTA o ToIT NS FHEON I A1 gl HLAT HaTd gl ¢l 3T 99T H,
NAF $T g 36T dof T dled ool & dgd IR-Ieehd ¥ el oAl &
f3afder &1 3reage e ur, 98 e AGenUs f&fe, LBM &1 3udler e
3] ¥ & gl fohar 1M IRIRF CFD dehelionl & faudid, 7€ sgd samer
FYLATT FT ¥ ageT FE1 g, 3N 38 A9 T 8 T g1 LBM 30ad 3= TR
Wl aAde Fehid & HRUT HYC HHT &l HTHI &6 deh HA H ol ol

SH 3ceR¥ H, 91339 Fo[gs H Ush el T arsq HIAT T, SHTAT Teh THITel-thol
LBM #edither fafer, Tggaeiiger fafer, 1 3udier fohar amam| R&uwar fagesor 2D
AR 3D # fHaTd-sdleic Aedlthal (SCMP) TJSHICiAIer LBM & &1 faam am,

foaa fafdas 3R arsg i gefca 37U 98.48 AT 2D 3R 3D & HAA: D2QY
(D2 &-3TH T 2T § 3R Q9 =it Hemfaa Fadr 1Y oY =i & o dd Toh ot
ol WeheTl &) 31X D3Q15 (D3 -3 &l &2l § 3R Q15 Ugg @efad FqEH
I T GATAT § T Th FUT Tl TohelT §) offcd Al T 39INT fhaT 3137 34-
g3 Isd C HIYT &1 39NN ek [dhfdd fhw 31w, 3R 3D LBM g &I HAS-
qIfAeT XA (MPI) T 3UANT Fleh Weldlsol hdT IAT| AT T&dlcAs [afe
# gl 3maEAt # f3aféer & woT, S & 9HE daely W 3dR-Ued HT g,
o &l AT 3R TR, Aheldrgdeh S@r 7| 3D # YolaT HREUCT & HROT Bal
& 9 e ol @ gear 3N §at # geanr off d@r m 2D H, fher & uRfAew
e & TAT A 9T daey ((Adom’rup)avg) I DFT (B&he BRI

Xi



CRIBIH) EaRT &1 I8 3R I8 @r = R (Adom,mp)avgﬁ GIEC G IERE T
wmmmmﬁammq@ﬁﬂﬂﬁaaﬂﬁuammmﬁ@ﬁ

3R | 3ETIT @ gl oI § fF T8 e g3y W Alsg IR dera, 3=
T9s Hivr, 31 [ERT ST & HRUT & FhdT B

e 36T A, Yuohrg 3R 9T ST dled Feil & dgd BUFelss el el fhedt

TEURAr &7 3reaee foham T/ T| BRAFASSH Yaehid selchvll & Hiclissel FEIRA gl

g, TSt =g 15 nm & FA Gl g1 TAAT HH H BAFe$S Al Tehol-TROT,

Gahg A AT AT, Ig AT e AT glcll & 519 geehrd ol T HehgoT 0.1
A & g &1 NS FHIR0T & T1Y-1y AFFAS & Yohed o FHROT 1 BRIFASS
o frert 1 RBRar & FuRa &= & qffw fana § dFaaa gieor 3
oed #RE AR ¥ Rw oRomh @eleRer # gt F & S feAse
alegdA AT (FVM) & 30197 adeh fSEhieiss fhal Siar gl aRomAr s
HHBIUIT T YU I 3ol Tedl STAERIA SECATdE T 39T Hhich gol ThdT
ST &1 FVM TeaRea s SCMP MRT LBM TeaRed & A1y Ser oirar &, 5a
EfeS T @ gisfes LBM (HLBM) &gT SiaT §; gisfes safor § #ife NS 3k
HAFTdT THIRIUN &l §T I o [0 &l [Affear TEITcAs AT 1 39dier frar

I gl

HLBM TealiReH T 3I-8130 His faanf@d fohar amam, 3R a7 3T ared o & I1Y-
ary fAffeet gy a1 feamsit & ded W &7 @ el WIFefss A heat
T FEUXAT 1 TG fohar IAT| Fexhd A HEUAT deT ST aTed g 1 i,

STEd GBI & B R, Bo, (=L, AR e Rew AN A wogs @

= —2)/

JRETFIAT 39T (%) W AR A g1 I BATrss deree w1 gl g el

xii



FXAT § 3R geehr a1 At giar €, aF STy 3y fem a9 Fue T §

SIS Boy, > Bog,; BIc &1 STafeh Yeehld &1 ofeladl BIdT g, $cXhd W SaR-derd dieh

A faefaa ga g1 9o Fr aear Bom,%,,ﬁ?howwﬁwama?ﬁélm

37T, Yol &1F & TEd §g bl T “Tolg HEUIAT & HROT giem gl 3= |
Boy, 3 -1 A O, g5 A oS T ¢, red v ¥ AOF §¢ sl &, Safn

foe=T A W QT §g HeHeT ¥ 3HoldT 8 ST 81 ST Agpp > 0 Bl &, AT hed &
fEaféar aifcrst 3R digaa Yahg & & ded W Sl g1 3ieq dl &l a7 T
ared 3R G el T dlehd X AT ALl B

NEAT & A 3T o YIhT &7 & dgd ATIHA-Hdearllel (TS) WIFdgs e
et i FEdr &1 ey fdan, [Sad 3 3T ared ao anffer &g a1l NS 3R
Argdel GHIARION 1 HLBM ToINRGH & 30NN ek gol fohar arm, 3 Fa0
FHIEIOT & FDM garT fSEhierss fham arar 3R #g-uhipd RK-4" 31T fafer
Sl UG Hh AT IR, TH HIPAT TeIlRGHA &I ¥HT HLBM (THLBM)
TeIREH el SIdT & 3R FIg S1-g139 farfaa fohar sr g1 3a & faw g &
T o gIhT &8 3R AT & fAT BRIFISS HT Yeohed Teh Wk Herlel glell
g, df JEhIT Fo ATIAT -3 HAGAMT (TIS) FRAFe[g5d &I Jolell H SR[AT il B
FIFeIss 3R a3 woyss & aifaw or arwEe W IR 7 gia €, e veea
AR wg Toa &1 FTEEERTS A #, AcEhe TR Gelcd R dA9ART T
el gl dlel HUN & o cl:fohdm oo &l Y&3MMA b e HT Sl g, i
Toafald &9 & Tdg dold H dT9HT T BT g1dT gl IRIAS IoT § F9ad
YT &7 & gl 1S BUFe[ss ¥ el dr 3TEURAT & HROT SXHd AT fapia
dael TIHIT Tol & HROT gl &1 Blefifeh, dg & WO A, 57 & SIBH faehd
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gIaT 8, SXBhd & TIY digAT fAeeddl & HRUT ARG Yarg df @i e A
eI Al &1 TS BITess & v Furg 3R i &1 d@&dr Qv h, 3R Bo,,
W TIS BFss hed 6 ool 7 3HTH I &1 $Th 37ellal, ¢ gU oo el
3R AR gaTg & HROT Gk TIS el & Jelel # gl Foldl &
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