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SYNOPSIS

Micro/Nano Patterning on Solid Surface

Chapter 1: Introduction

Miniaturization of past technology is the key of revolution of modern technology, and
this is one of the reasons that the researchers are driven to this field for more than last three
decades. The greatest example of this outcome is modern computers and smart phones which
are being evolved day by day to make the life very much easier. Micro/nano featured ordered
patterning on solid surface plays the primary role in this regard, where the surface to volume
ratio is the key factor. Above these all creations, nature has inspired us from the very beginning
by expressing the benefits for our human society of these micro/nano featured patterned
surfaces for example, superhydrophobic surface or self-cleaning surface of Lotus leaf, stack of
micro-lenses of insects, water-harvesting micro patterned surface of insects and plants,
structural color of Peacock feathers, etc. Thus, we have also followed the nature by mimicking
the structures for our own various purposes like self-cleaning surfaces, smart adhesives like
gecko feet, anti-reflection coating, micro-lenses, structural colors, advanced storage devices,
hydrophilic/hydrophobic surface, micro/nano perovskite structures for photovoltaic cell, fuel
cell, lithium-ion battery, sensors in various fields, etc.

There are mainly two categories of fabrication method, first is top-down approach and
second is bottom-up approach. The top-down approach includes photolithography, e-beam
lithography, nanoimprinting lithography, capillary force lithography etc. and bottom-up
approach implicates dip-coating lithography, self-assembled deposition, physico-chemical
temple guided or without guided deposition, electric field induced self-assembly, etc. Among
all of the above, photolithography and e-beam lithography is popular and mainstay
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conventional lithography processes for fabricating micro/nano pattern on a solid surface. But,
due to the high cost and restricted to their resolution, other methods are in focus now. Among
them, self-assemble method is capable of fabricating such type of meso to nanoscale structures
like, self-assembled micro/nano particles as a hexagonal pattern, complex micro/nano
structures, perovskite structures, structure with large area containing multiple polymers,
formation of multilayers of multiple polymers in a single entity, etc., which are comparatively
difficult to fabricate by conventional lithography processes.

After having the above discussions, this thesis offers a broad view over self-assemble
method and deposited morphological features of polymers from a dynamics of contact line of
a clear polymer solution. And also, it offers the benefits of the deposited features to the
application point of view. The third chapter represents regarding self-assembled deposition of
homopolymers by dynamic contact line lithography (DCLL) and a brief study about the
fabricated morphologies. The fourth chapter presents the formation of Janus micro-threads and
Janus micro/nanodroplets from a blend polymer solution of PS/PMMA by DCLL method. Fifth
chapter, represents cost effective solvent vapor induced patterning of in-situ PS/PMMA blend
polymer after combining of two methods, spin coating and DCLL. Sixth chapter, demonstrates
that the DCLL can be used to fabricate energy harvesting device where, polyvinylidene fluoride
(PVDF) is treated by comparatively lower magnitude of electric field during contact line

deposition (DCLL) in order to fabricate g-phase crystalline morphology.

Chapter 2: Literature Review

In chapter 2, a brief discussion about literature review is reported in this thesis.

Chapter 3: Dynamic Contact Line Lithography: Template-less Complex Meso-

Patterning with Polystyrene and Poly(methyl methacrylate)
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Figure 1. depicts the schematic diagram of dynamic contact line lithography and its accessories
by which mainly three types of deposited morphologies are observed of polymer, like straight
line, drops, and undulated lines. The arrow (in black) represents the direction of stage
movement.

The objective of this work is to study and demonstrate the versatility of dynamic contact
line lithography (DCLL) in the area of polymer patterning on a solid surface into the range
from meso to nano-scale. The DCLL is performed by a customized arrangement where the
meniscus of solution is mainly dragged by a capillary force. A priori, the solid substrate is
placed on a customized unidirectional stage and simultaneously a stainless-steel blade is placed
vertically above the substrate by keeping a narrow gap of ~ 200 um. The polymer solution of
20 pl is dispensed into the gap and it holds the solution perfectly due to the capillary force.
Once the stage starts to move at a certain velocity, the contact line also moves to the opposite
direction at a same magnitude and simultaneously, the meniscus deposits the phase separated
polymer morphology at the contact line. A range of various types of deposited morphologies
are demonstrated here and its direct effect to the modification of overall surface energy, which
is associated with the hydrophilicity and hydrophobicity of the substrate, is also demonstrated.
Summary:

The beauty of this work is that the fabrication method (DCLL) is generic in nature. Any
polymer solution can be used to fabricate micro/nano feature on solid surface. The deposited
morphologies comprise with mainly straight lines, undulated lines and micro/nanodrops. Here,

concentration of the homopolymer and contact line velocity are the only variable parameters.

iX
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Therefore, depending upon the various combinations of these two parameters a broad range of
deposited morphologies are demonstrated of polystyrene (PS) and poly(methyl methacrylate)
(PMMA) separately. Two phase-diagrams are also reported separately of both polymers and,
this acts as a guidance to fabricate a particular pattern on the Si substrate. We have also shown
that how deposited morphologies with different wavelengths change the overall surface
roughness, which complements to the change of water contact angle on the Si substrate. A
complex structured pattern is also shown here, where two different polymers (here, PS and

PMMA) are deposited separately on a single substrate.

Chapter 4: Janus Micro-thread to Micro-nanodroplets Using Dynamic Contact Line

Lithography

Figure 2. depicts the schematic representation of deposited Janus micro thread from a
PS/PMMA blend polymer solution by DCLL method. The arrow (in yellow) represents the
direction of the contact line.

In this chapter, we have taken a further step using DCLL method as a fabrication tool.
Here, we have fabricated Janus micro-thread and Janus micro/nanodroplets, where two
different components (PS/PMMA blend polymer) are deposited at once as a single entity on
the Si substrate, from a solution of common solvent. The PS is deposited as smooth at the front
side of the thread and PMMA is deposited as labyrinth-type at the rear side of the thread from

a solution of toluene. Fabrication of micro-thread is accomplished by the help of the phase
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diagram from chapter 1. We have also shown the effect after changing the ratio of the
PS/PMMA blend polymer composition. And, this shows that the higher PS composition than
the PMMA, leads to the random arrangement of the polymers into the structure. Where, higher
PMMA composition shows prominent Janus micro-thread. These similar observations are also
demonstrated in case of undulated micro-thread which are formed after reducing the overall
blend polymer concentration and keeping the contact line velocity as constant. In case of
micro/nano droplets, we have observed multiple arrangements of PS and PMMA, like Janus
structure, formation of multilayers and core-shell morphology, with respect to the different
PS/PMMA composition. These micro/nano droplets are formed by reducing further of overall
blend polymer concentration.

Summary:

Here, the phase separated Janus morphology is developed due to the different solubility
of the polymers into the common solvent. So, the more soluble component is likely dragged
faster towards the contact line to replenish due to the evaporative loss of the solvent. And, this
deposits the polymer at the front side and less soluble polymer at the rear side of respective
features. This phenomenon has been confirmed by other way around, where PMMA has been
deposited to the front side and PS to the rear side of the deposited feature from a solution of

ethyl acetate. Because, here PMMA is more soluble into ethyl acetate than PS.

Chapter 5: Solvent Assisted Dewetting of PMMA Thin Film and PS Micro-thread:

Fabricated by Dynamic Contact Line Lithography
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Solvent induced
dewetting

z‘ﬁ

Figure 3. depicts the schematic flow diagram of solvent vapor induced dewetting of in-situ
polymer blend to fabricate complex structure by using the combination of spin coating and
DCLL method.

Cyclohexane
washing

In this chapter, we have shown that the DCLL process can be compatible with other
fabrication process like spin coating, to fabricate cost effective semi-ordered complex
structures of two different polymers, PS and PMMA. Here, two polymers are introduced to
each other separately. At first, PMMA is spin coated on a glass substrate and then PS micro-
threads are deposited above PMMA thin film. Later, thermal and solvent vapor assisted
dewetting are allowed to happen for 12 h. Different dewetted morphologies are demonstrated
with respect to the medium of treatment. The thermal treatment allows to dewet faster of
PMMA thin film as a random dewetted morphology and PS experiences the initial phase of
dewetting within the given time span. Selective solvent vapor treatment only dewets the
respective polymers. And, common solvent vapor treatment dewets both the polymers and
arranges the features as a semi-ordered pattern, where PS micro-threads region exhibits an
ordered dewetted meso/microdroplets and PMMA thin film region shows random dewetted
microdroplets. These droplets comprise with both the polymers and this is confirmed after
washing with a selective solvent.

Summary:

In conclusion, we can say that this is a new approach to fabricate semi-ordered complex

structure by solvent vapor treatment combined with spin coating and DCLL methods. Here, in-

situ blend polymer system during common solvent vapor treatment takes the advantage to form
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the complex structure and the PS micro-threads act as structure-directing component during
dewetting, to form the ordered complex structure. On the other hand, dewetting of selective
polymer region by selective solvent vapor treatment, might be interested for particular
applications also. Overall, this process is very cost effective to fabricate complex semi-ordered
structures, rather than the any other conventional lithography process (i.e. photolithography,
electron beam lithography) where they are limited to their operation, resolution and fabricated

length-scale.

Chapter 6. Self-assembled PVDF Micro-thread with B-phase Crystallinity; Induced by

Dynamic Contact Line Lithography Coupled with Electric Field

Figure 4. represents a schematic diagram of deposition process of PVDF from a moving
contact line of PVDF-DMF solution in the presence of an applied voltage across the solution.
The arrow represents the direction of moving contact line.

In this chapter, we have successfully demonstrated that DCLL method in presence of
very less electric field can be used to deposit PVDF micro-threads with S-polymorph on a
flexible surface like, ITO coated PET sheet. Here, PVDF micro-threads are deposited on the
bare PET side as straight lines by the help of the phase diagram of PMMA of chapter 3. Though,
the evaporation rate of DMF is much lower than the toluene or cyclohexane therefore, an
external heat is provided to inhibit the evaporation rate of DMF close to toluene. The deposition
process in presence of electric field might align the molecules of PVDF very easily in favour
of B-phase crystallinity which shows better piezoelectric behaviour. With this vision, we have
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maintained the gap in between stainless-steel blade and PET, as small as possible, ~50 —
70 um and have varied the voltage across the solution from 0 V to 1000 V. The outcomes are
satisfactory after achieving B-phase crystallinity where higher voltage, at 1000 V shows almost
double amount of S-phase than a-phase. After depositing the micro-threads on PET sheet, the
sample is used as the test sample for further characterization. A Multimeter is connected across
the micro-threads to monitor the magnitude of the voltage against an applied stress on the
PVDF micro-threads. A 500V treated sample is used to demonstrate the above-mentioned
experiment and it shows satisfactory result. We believe that the 200 V treated sample also is
capable of showing some electrical potential against an applied stress.

Summary:

We have demonstrated a novel approach to fabricate PVDF micro-threads with $-phase
crystalline structure by DCLL method when a very less electric field, ~7 V/um, is applied
across the solution. The process is not only cost effective as very less electric field intensity is
required but also, it is an innovative way which can be applied to fabricate individual P\VDF
micro-thread for various field of applications like, sensor, energy harvester etc. The method
also allows us to fabricate satellite PVDF micro/nanodrops with B-phase crystalline structure

which might be beneficial in different applications.

Chapter 7: Summary and Future Scope

The Chapter 7 concludes with the thesis summary and a brief discussion on the future

prospects of microfluidic reactor discussed in this thesis work.
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Figure 3.1:

Figure 3.2:

Figure 3.3:

TH-3056_166107028

List of Figures

(Color online) A schematic of the experimental setup and its components for
dynamic contact line lithography (DCLL). The inset diagram depicts a
decrease of the receding contact angle by dragged meniscus due to stage
movement.

(Color online) (a1) to (as) are the optical images at different timescale during
deposition of PMMA from toluene (1 g L) at stage speed of 40 um s 1,
(b1) to (bs) represent the deposition process of the undulated line of PS from
cyclohexane (0.1 g L™1) at the stage speed of 40 um s™?. (c1) to (cs) are the
optical images at different times of deposited PS micro-globules from
cyclohexane (0.4 g L™1) at the stage speed of 100 um s~1. All the scale bars
of a1 —as and by — bs represent 100 um and the scale bars of c1 — ¢4 represent
10 um. The downward yellow arrow (right side) represents the direction of
the contact line motion.

(Color online) The micro patterns of deposited PS from cyclohexane (a-f) and
PMMA from toluene (g-I) at different concentration and contact line velocity:
(a) sparse undulated pattern, (b) line with partial pinning, (c) nanodroplet, (d),
(e) — undulated lines with branching and pinning (f) lines with partial pinning.
(g) extreme undulation instability leads to droplet-like appearance, (h)
straight line, (i) lines with partial pinning, (j) lines with branching, (k), (I)-
straight lines with intermittent ‘missed out’ lines. Optical images of 3 pl
water droplets on these structured surfaces are depicted in the inset with
contact angle stamped on the image. The symbol at the top right corner of
each frame corresponds to different zones in the zone diagram discussed later
in the text and Figure 3.4. The scale bar of primary images corresponds to
200 um and that of the insets (water contact angle) depicts 1 mm. The
magnified image (c1) of Figure (c) has a scale bar of 50 um. The yellow

arrow represents the direction of a moving contact line.
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Figure 3.4:

Figure 3.5:

Figure 3.6:
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(Color online) Morphological zone diagrams of (a) PS and (b) PMMA from
cyclohexane and toluene, respectively, in terms of different velocities (v) of
the contact line and different concentrations of polymers. Undulation (up
triangle, blue), lines with partial pinning (left triangle, green), and no pinning
(right triangle, magenta) are mostly visible at low to moderate concentration
of PS with increasing contact line velocity. Higher concentrated solutions at
lower velocities of contact line deposit thick undulated lines with branches
(diamond, deep purple). At a moderately high velocity of 80 um s~ and high
concentration nearly perfect straight line (square, black) deposition is
obtained. For PMMA, a larger zone for straight lines (square, black) is
obtained for a low to a high concentration and at a moderate to high contact
line velocity. At a moderate to high concentration but at a low velocity

however lines with branches (circle, red) are obtained.

(Color online) (a) Characteristic wavelength of the deposition against the
velocity of the contact line at different concentrations of the PMMA. (b)
Estimated deposition time, tgq, from eqg. 1 shows decreasing trend with the
velocity of the contact line. (c), (d) represent the water contact angle in the
parallel and perpendicular direction of the deposited PMMA micro-threads,
respectively. Dotted lines in figure (c-d) are meant to guide the eye.

(Color online) (a) AFM image of a micro thread obtained from 0.5 g L1
PMMA in toluene with a contact line velocity of 60 um s~1. At the front side
of the thread (yellow arrow), no nanoscale features are observed, whereas at
the backside numerous nano-features are observed. (b) and (d) are the
magnified AFM images of the surface just at the backside of the deposited
thread and on the micro-thread, respectively. (c) represents the cross-sectional
profile of the micro thread. The blue arrows in (b), (c), and (d) indicate the
direction of the contact line motion. The lower panel depicts schematics of
the thread deposition (e), thinning of the liquid film (f), and dewetting of the
ruptured thin film responsible for the nano structures on the backside of the

deposited thread (g), respectively.
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Figure 3.7:

Figure 3.8:

Figure 3.9:

Depicts the deposited PS micro-drops from toluene at a constant velocity of
the contact line of 33 um s~ when the gap distance dg is fixed at (a) 214 pm,
(b) 129 um, (c) 86 um and (d) 43 um. The respective insets represent the
magnified images. All scale bars of primary images and inset images
represent 200 um and 20 pm, respectively. The yellow arrow to the right side
corresponds to the direction of contact line movement.

Deposited PS micro-drops and threads from solution 2 (0.2 mg ml~*PS in
toluene) at a contact line of (a) 100 um s™!and (b) 60 um s~*. (c) depicts
deposited PS micro-threads from cyclohexane (0.2 g L~ PS in cyclohexane)
at a contact line speed of 60 um s~*. The gap distance in between the Gillette
blade and Si substrate was maintained at ~ 200 um. The yellow arrow at the
right side corresponds to the direction of contact line movement. All scale
bars represent as 50 pum.

Deposited micro-threads from PS in cyclohexane having concentrations of
(@) 0.3gL1and (b) 0.6 gL™1, at a speed of contact line of 80 um s~1. The
gap distance in between the blade and Si substrate was maintained at
~ 200 um. The yellow arrow at the right side corresponds to the direction of

contact line movement. All scale bars represent 200 pum.

Figure 3.10: Schematic of the receding edge of the dragged polymer solution.

Figure 3.11: Comparison between experimental and calculated deposition time using eq

3.11.

Figure 3.12: (Color online) (a) Optical image represents the deposited complex pattern

TH-3056_166107028

of PMMA from toluene (vertical stripes) and PS from cyclohexane
(horizontal stripes). Here, the concentration of PMMA is 1 gLt and the
contact line velocity is 40 ums™' in DCLL-1, and in DCLL-2, the
concentration of PS is 0.6 gs~! and the contact line velocity is 80 pm s~ 1.
Arrows represent the directions of a moving contact line. (b) Schematic
representation of the sequential run of DCLL-1 using PMMA and DCLL-2
using PS. Figure (c) represents PS micro-threads obtained by the DCLL
technique, transformed into arrays of micro-drops (d) just by dipping into

acetone for 1 min. The scale bar is 50 pm.
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Figure 4.1: (a) A schematic of the experimental setup for Dynamic Contact Line

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:
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Lithography (DCLL) and deposition of Janus PS/PMMA micro-thread from
the blend solution in toluene. The fixed blade drags the PS/PMMA blend
solution meniscus on the precisely controlled moving substrate to form
periodically deposited Janus micro-threads. (b) Magnified schematic of Janus
micro-thread.

The first column (a, d, g) depicts AFM images of the deposited morphology
from PS/PMMA blend polymer solution having the composition of 1: 3, 1: 1,
and 3: 1 (PS : PMMA) respectively. The second (b, e, h) and the third (c, f, i)
columns represent corresponding remnant PMMA and PS after selective
etching of polymer by washing with cyclohexane (good solvent for PS) and
acetic acid (solvent for PMMA), respectively. In all the cases, the overall
polymer concentration is 1 g L~* and the arrow represents the direction of
contact line motion.

Raman spectra of the deposited micro-threads (a, d, g) and the same after
selective solvent etching of the deposited morphology with cyclohexane (b,
e, h) and acetic acid (c, f, i). In all the cases, the overall polymer concentration
is1gL™h

Depict the line scans of AFM images at the central region of the PMMA
enriched labyrinth domain parallel to the axis of the micro-threads from
PS/PMMA blend ratio 1: 3 (a) and 1:1 (b) with an overall concentration
of 1 g L™, (c) denotes the line scan of the AFM images of the hemispherical
droplets formed in DCLL from PS: PMMA blend ratio 3:1. In all three
cases, before and after cyclohexane washing (CH treatment) is represented
by the red and cyan colors respectively. Cyan color thus represents the
morphology of the remnant PMMA on the surface.

The first column represents AFM images of deposited morphology from
PS/PMMA blend having compositions PS: PMMA ratio 1: 3 (a), 1: 1 (d), and
3:1 (g) with the overall polymer concentration of 0.1 g L™*. The second (b,

e, h) and the third (c, f, i) columns represent corresponding remnant PMMA
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and PS after washing with cyclohexane and acetic acid, respectively. The

arrow represents the direction of the contact line motion.

Figure 4.6: The first column represents AFM images of deposited composite

Figure 4.7:

Figure 4.8:
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micro/nanodroplets from PS/PMMA blend having compositions PS:PMMA
ratio 1: 3 (a), 1:1 (d), and 3:1 (g) with the overall polymer concentration

0f 0.01 gL_l. The schematic representations of the plausible PS/PMMA
arrangement inside the droplets are depicted as insets (a1, di1, and gi1). The
second (b, e, h) and the third (c, f, i) columns represent corresponding remnant
PMMA and PS after washing with cyclohexane and acetic acid, respectively.
Inset Figure b1 shows nanoring-like structures of PMMA after washing with
cyclohexane. The arrows represent the direction of the contact line motion.
(@) AFM images of the PS/PMMA composite micro-drop deposited by DCLL
from 0.01 g L~* blend solution having PS: PMMA 1:1 (same as Figure
4.6d). After washing the same droplet with acetic acid PMMA is removed (b)
(same as Figure 4.6f). The same acetic acid washed droplet, when
subsequently treated with cyclohexane to remove the PS, the underlying
nanoscale PMMA structures are revealed (c).

(@) Schematic of a plausible mechanism of the more soluble PS deposition at
the contact line. More soluble PS (A, red) molecules are solvated in toluene
(T, black) and preferentially dragged toward the contact line to replenish the
evaporative loss of solvent (b). This leads to PS accumulation to the front side
and the less solvated PMMA (B, purple) accumulation to the backside of the
deposited features (c). (d) Optical microscope image of deposited micro
thread from PS/PMMA blend polymer solution in ethyl acetate having PS:
PMMA ratio of 1: 1 and overall concentration of 1 g L™*. Selective solvent
etching with cyclohexane and acetic acid leave remnant PMMA (e) and PS
() respectively. PMMA being more soluble in ethyl acetate, deposits at the
front slope in this case. The yellow arrow shows the direction of the contact

line movement. All the scale bars represent10 pm.
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Figure 5.1: The schematic depicts the flow diagram of the experimental sequences: thin
film formation — DCLL - solvent-induced dewetting of combined PMMA 108
film and PS micro-threads.

Figure 5.2: Top row (a - d) represents optical images of deposited PS micro-threads on
PMMA thin films before any kind of treatment. Bottom row (e - h) represents
optical images of modified morphologies of deposited PS micro-threads and
PMMA thin films after treatment for 12h. Inset images (e1 — h1) exhibits the 112
AFM height scanned images of respective optical images. The arrow at the
right side of the images represents as the direction of the contact line. All
scale bars represent as 10 um.

Figure 5.3: Top row shows the AFM height scanned images of (a) thermally annealed
and (b) toluene vapour treated sample after 12 h. Bottom row shows the
morphology after washing with cyclohexane of previous (c) thermally 113
annealed and (d) toluene vapour treated sample. The arrow on the right side
of the image represents the direction of the contact line motion.

Figure 5.4: represents the Raman spectrum of (a) PS in the core and (b) PMMA as a shell
of dewetted microdroplets which are formed by dewetting of PS micro-thread 115
due to toluene vapor treatment for 12 h.

Figure 5.5: Transition of dewetted morphology of thermally annealed sample at (a)
0 min, (b) 40 min, (c) 240 min, (d) 360 min, (e) 480 min, (f) 600 min and 116
(g) 680 min. The arrow depicts the direction of contact line movement. All
scalebars represent as 10 um.

Figure 5.6: Transition of dewetted morphology of toluene vapour treated sample at (a)
0 min, (b) 40 min, (c) 240 min, (d) 360 min, (e) 480 min, (f) 600 min and 117
(g) 680 min. The arrow depicts the direction of contact line movement. All
scalebars represent as 10 pum.

Figure 6.1: The schematic diagram depicts the experimental setup and components of
DCLL coupled with electric field. 128

Figure 6.2: Optical microscopy images of deposited micro-threads of PVDF from DMF,
on a glass substrate during contact line movement, at an applying voltage of 132
(@ oV, (b) 200V, (c) 500V,(d) 700V, (e) 900V and (f) 1000 V. The
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substrate temperature is maintained at 75°C while contact line movement.
The red arrow at the right side, corresponds to the direction of contact line

movement. All scalebars represent as 20 um.

Figure 6.3: FeSEM images of deposited micro-threads of PVDF from DMF during

Figure 6.4:

Figure 6.5:

Figure 6.6:

Figure 6.7

TH-3056_166107028

contact line movement at an applying voltage of (a) 0V, (b) 500 V and (c)
1000 V. Magnified FeSEM images of the respective samples are depicted in
the inset images. The red arrow at bottom corresponds to the direction of
contact line movement. All scalebars of primary images and inset images
represent as 10 um and 1 pm, respectively.

Time evolution of the dewetted structure of PVDF during DCLL at 0 V is
shown in these optical images. DCLL was performed from the PVDF/DMF
solution with concentration of 1 mg ml~* and at a contact line speed of 40
um s™(-1). The blue arrow represents the sequence of the deposition
phenomena and the red arrow at the right side corresponds to the direction of
contact line. All scalebars represent as 10 um.

(@) FTIR spectrum in transmittance mode of PVDF thin film annealed at 70°C
(S-70°C, black), 90°C (S-90°C, red), 110°C (S-110°C, blue) and 130°C (S-
130°C, magenta); and also, of electro spun fiber of PVDF (electrospinning,
olive) at 19 kV. (b) A short wavelength scale of the same FTIR spectrum of
same samples.

Raman spectrum of PVVDF thin film annealed at 70°C (S-70°C, black), 90°C
(S-90°C, red), 110°C (S-110°C, blue) and 130°C (S-130°C, magenta); and
also, of electro spun fiber of PVDF (electrospinning, olive) at 19 kV,
deposited PVDF micro-threads at a applying voltage of 0 V (DCLL+EFL-
0V, navy blue), 500V (DCLL+EFL-500V, violet) and 1000V
(DCLL+EFL-1000 V, purple).

: The schematics depict as (a) the setup and its accessories for energy

harvesting experiment, (b) the side view of the arrangement where, PVDF
micro-thread (dark green colored) is deposited on PET substrate (rose

colored) and a silver-paste (light blue colored) is applied on PVDF micro-
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threads, (d) applied stress as a form of a gentle touch of a finger to the back
side of the PET sheet and, (c) on the PVDF micro-threads.

Figure 6.8: (a) A 0V DC response against a gentle pressing on bare PET (no deposited
micro-threads of PVDF on PET sheet). (b) A maximum DC voltage response
of —7.8 V against a gentle pressing on PVDF micro-threads, deposited while 139
applying voltage is 500 V. The deflection of PET sheet, (c) before and (d)
after applying pressure by finger is ~ 188 um. A (e) schematic diagram is
also depicted for better understanding. The scalebars of (c) and (d) is
represented as 500 pum.

Figure 6.9: The schematic depicts the experimental setup and its accessories of energy
harvesting from a PVDF micro-threads deposited PET sheet, when a stress is 140
applied by a form of a hitting water drop.

Figure 6.10: represents the output voltages by every waterdrop hitting. Ten readings are
recorded and each reading is taken in every 10 sec interval when waterdrop 141
hits.
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1.1 The Canvas of Micro/nano Patterning

Miniaturized patterned structures find great importance in various fields of applications
with specific purposes such as self-cleaning, !l or frictionless surfaces,!?! anti-reflection coating
on the lens,Bl photovoltaic applications,®! sensors,["8 etc. Also, the development and
innovations in modern technology and science are considerably influenced by the
microfabrication technique. The first-ever, a miniaturized 2D hybrid integrated circuit with
transistors was reported in 1952 by Jay W. Lathrop and James R. Nall, who were notably
impressed by the application of photoresist.’! Since then, different lithography processes have

been introduced to microelectronic applications.
1.2 Micro/nano and Nature

With the vision of a better human society in the future, many inspirations are acquired
from mother nature, and micro/nano-architecture is one of them. There are myriad examples
of micro/nano-featured surfaces in nature for various requirements. A few of them are
micro/nano-structured surfaces of lotus leaves for self-cleaning purpose,i! micro/nano-hairy
structures on gecko feet for climbing wall, X% micro-lenses of insects,*? hairy legs of water-
strider for keeping them above water body,*®l structured back surface of dessert beetle to
collect dew drops from the air,“ and structural color of butterfly wings,*?! or peacock
feather,'? etc. In lotus leaf, the featured structures help the waterdrop to roll away by picking
up the micro/nanoscopic dust particles from the surface. This well-known phenomenon was
studied for the first time by Wilhelm Barthlott and Ehler in 1977. They termed this as the
“Lotus effect”. The feet of geckos have several specializations. On its feet, many hairy
structures are made of S-keratine (protien), called setae. Every setae contains thousands of
isosceles triangle-shaped structure, known as spatula.[*>®1 These micro/nanoscopic hierarchy

structured pattern provides Van der Waals forces between gecko feet and another surface that

TH-3056_166107028



Chapter 1/ Introduction to Micro/nano Patterning / 4

helps them to walk almost on every wall. These few examples of the potential of micro/nano
structured surfaces are the inspiration to modern science and technology. Researchers have also
fabricated similar biomimetic micro/nano-structured surfaces for various applications like self-
cleaning,™! smart adhesive,***71 micro-lense arrays to improve the efficiency of LED,[

optofluidics,i*% solar cell,? and biomedical applications, 224 etc.
1.3 Micro/nano Structure and Lithography

Lithography is very much crucial in the current times because it is an essential part of
most of the device fabrication process. Lithography was invented by a Bavarian actor and
playwright, Alois Senefelder, in 1796 in German. He duplicated his writing with greasy crayon
on the slabs of limestones. Later, in 1826, Nicéphore Niépce invented the photographic process
by using the world’s first photoresist Bitumen Judea, a natural asphalt.’®! In 1940, Oskar
developed positive a photoresist by diazonaphthoquinone, which worked as a negative

manner.!?] Later, more photoresists were designed according to the purposes.

As time rolled down, different lithography processes were developed by researchers.
Every lithography process has its limitations and advantages, which makes them unique. In
terms of processing methods, lithography is categorized into two parts, first is the top-down
approach, and the second is bottom-up approach. Top-down approaches are namely
photolithography,?”-33 electron beam lithography (EBL/e-beam lithography),+3% and
focused ion beam lithography,®“%l etc. And, on the other hand, bottom-up approaches are
stereolithography,“¢4°1 nano-imprint lithography,°-5¢1 self-assembly method,5-6% dynamic
contact line deposition,*® dip pen nanolithography,®*-¢1 and electric field induced

lithography,[68-"1 etc.

1.3.1 Top-Down Approach

1.3.1.1 Photolithography

TH-3056_166107028



Chapter 1/ Introduction to Micro/nano Patterning / 5

Photolithography is also known as optical lithography or UV lithography.?-33 It is a
process to fabricate or transfer micro/nano-geometric structures on a solid surface using a direct
writing method or using a mask, treated under UV laser beam or light, respectively. Initially,
the fabricated structures are made of photoresist (chemical substance), which is spin-coated as
a thin film on the surface and then it is exposed under focused UV beam or UV light. Depending
upon the nature of the photoresist, during the developing process, either the exposed region (in
case of positive photoresist) or the unexposed area (in case of negative photoresist) dissolves
into the developer, leaving only the micro/nano-architecture of the photoresist onto the solid

surface. The resolution of the fabricated structure may be as less as 500 nm to 1 um.
1.3.1.2 Electron Beam Lithography

In this method, highly accelerated (~ 30 kV) electrons are used to expose e-beam resist
to fabricate a fine structure with a resolution of as low as ~5nm to 10 nm.B*% Here,
generally poly methyl methacrylate (PMMA) is used as both positive and negative tone e-beam

resist. Other processes are similar like the photolithography process.

E-beam lithography and photolithography, both have excellent repeatability for a
particular structure, making them as mainstay lithography processes in modern fabrication

technology.
1.3.1.3 Focused lon Beam Lithography

A focused ion beam (FIB) lithography is also used for patterning by direct-write
method.[*%%1 FIB is similar to photolithography and e-beam lithography; however, for
patterning FIB mill a sample surface that is exposed to the high ion beam current. In FIB
milling, a gallium (Ga) ion beam is primarily used to hit the sample surface and sputters away
a small amount of material. At high current, the materials of the sample can be removed

precisely so that the feature size of less than 1 um is achievable.
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1.3.2 Bottom-Up Approach

1.3.2.1 Stereolithography

The stereolithography method is an advanced 3D printing process to fabricate structure
layer by layer.[*6-4%1 The process continues with a focused laser beam on a free surface that
polymerizes a photosensitive polymer solution into a solid structure. The resolution of features

can go less than 1 um.
1.3.2.2 Nano-imprint Lithography

This method was coined in 1996 by Prof. Stephen Chou, although hot thermoplastic
embossing had been mentioned in the patent literature few years before.[°-561 |n this method,
the structures are directly imprinted on the polymer surface by applying pressure when thermal
treatment is also subjected to the process. The fabricated structures on the polymer surface are
the opposite replica of the primary structures, which makes this process facile to mimic any

structure.
1.3.2.3 Dip Pen Nanolithography

Dip pen nanolithography involves a tip of an Atomic Force Microscopy (AFM) tip to
deposit a variety of inks on a solid surface for fabricating patterns.l®-671 The working principle
is associated with dipping the AFM tip into an ink droplet, where the ink molecules are
transferred to the tip. Later, the AFM tip moves the ink molecules to the surface by contact

mode. The feature resolution can be varied from pm to nm.
1.3.2.4 Electric Field Induced Lithography

Electric field induced lithography involves two electrodes separated by a very narrow
distance, a few pm,®®"1 to nm," and the substrate on which the micro/nano features are

grown is placed between two electrodes.[%8"11 The applied voltage across the electrodes creates
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instability on a soft surface, which eventually rearranges the molecules of the soft material in
a particular order. Sometimes, this method is also used to grow nanowires on the semiconductor

surface.
1.3.2.5 Self-assembly

Self-assembly is a naturally occurred phenomenon, where colloid particles or dissolved
polymer molecules self-arrange themselves and deposit on a surface during solvent

evaporation.l>”%% Further, this process has been discussed later in detail.
1.3.2.5.1 Colloidal Lithography

Colloidal lithography is referred to that process, where a self-assembled, close-packed
monolayer of micro/nanoparticles is deposited by natural evaporation of solvent on a
surface.[”l This method was first used by Fischer and Zingsheim in 1981 to fabricate a mask
for the deposition of platinum.[”®l Soon after, this method was extended by Deckman and co-

workers for large-area patterning. They termed it “natural lithography.”{"477]

1.4 Introduction to Self-assembly

The rapid development of nanotechnology since decades and an understanding of nature are
empowering our lifestyle at every step. Fabrication of highly efficient micro-nano devices that
help us not only to do the work efficiently but also in a sophisticated manner with less time
consumption, reducing the overall operating cost. However, a long way to go for the best out
of it concerning to fabrication process. There are several applications based on nanotechnology
are currently in demand, like micro/nanopatterned surfaces, fabrication of reactors, micro-
channels, miniaturization of instruments (MEMS, NEMS) etc. This work mainly, focuses on

fabricating patterned surface with thin polymer film and its sensor-based application.
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Two-dimensional ordered structures existing in nature have been discovered, and
various intriguing surface properties have been widely evaluated. ["®7 Series of artificial
patterned surfaces inspired by lotus leaves,® gecko feet,* insect compound eyes,® spider
silks,[82-84 etc. have been successfully fabricated and used for self-cleaning, antifogging, anti-
reflection, water-oil separation, and so on.[®>°% Highly ordered hierarchical structures from
micro to nanoscale make the artificial patterned surfaces well inherited and integrated unique
functionalities of the natural biological surfaces, such as controllable supra wetting, anisotropic
wetting, oriented adhesion, and other optical properties.”*! And much work has been done to
fabricate patterned surfaces, constructed by micro- or nanoscale structure arrays with multiple
functions with the help of new insights and fabrication rules provided by the patterned surface
existing naturally.[155192-%] Based on this background, researchers turned their attention to
using the patterned surfaces as biomaterials for biological applications, such as biosensing,
controllable bio-adhesion and bio-patterning, and tissue engineering in vitro, since the
patterned surfaces can provide more reaction sites, assured anchor points and oriented
directions, feature structures for adhesion than that of the non-patterned surfaces.l®*° There
are few methods that are used in modern times. These are photolithography,[*°? colloidal
lithography, %! electron beam lithography,™®! nanoimprinting lithography,™%! micro-contact
printing,[*°! dip-pen lithography,® etc. Among these methods, we are going focus only on

colloidal lithography as it is the simplest one among all.
1.4.1 History of Self-assembly

Self-assembly was first noticed in 1935 by Langmuir and Blodgett during the famous
Langmuir-Blodgett experiment on the formation of close-packed arrangements of amphiphilic
molecules on a liquid and a solid surface. Later, in 1946, Bigelow et al. also observed long
chain alkylamines from a densely packed monolayer on the surface of platinum. In 1983,

Nuzzo and Allara contacted the gold surface with alkyl disulfide and discovered that they
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formed close-packed monolayers of chemisorbed alkanethiolate molecules, called as self-
assembled monolayers (SAMs). After more than a decade, in 1997, Deegan et al.[107:10¢]
discovered contact line deposition by capillary force from a colloidal drying solution of coffee
drop, a way to modify the surface topography without knowing the chemical nature of the
liquid, solute or substrate. They termed this as “coffee stain effect.” They have shown how
uniformly distributed solute particles inside the drop have been deposited distinctly to the edge
of the drop footprint after liquid is evaporated.l*®! They also discovered how solute particle
transportation occurs when the drop is evaporated. Due to contact line pinning, there is a radial
flow inside the bubble. That flow carries most of the particle to the edge and helps to deposit
on the surface. Studies have shown this stain effect with any type of colloidal suspension like

ink, paint, salty water and blood.[*%%:110]

Figure 1.1: Four drops of blood: (a) sample from a 27-year-old woman in good health, (b) a
person with anaemia, (c) sample from a 31-year-old man in good health and (d) a person with
hyperlipidaemia.[*°!

Now these days’ the stain effect is pretty much in the limelight for its simple process of

forming distinct stain patterns with evaporation-driven flow. Only disadvantage is that the stain
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tends to be developed to the contact line. Therefore, particle concentration decreases towards
the center. This problem is faced in the coating and printing industry. Analysis of DNA and
proteins in microarrays is also tricky with the ring-stain patterns. If the particles are not
uniformly distributed that leads to change in signal intensity.[*** 1131 Researchers have reported
some different methods to overcome these problems by applying external forces like electric
field, Mechanical vibration. These external forces drive the suspended particles and prevent
from moving toward the contact line. A Homogeneous deposition is likely expected, but it is
very difficult to achieve as microscale manipulation is nearly impossible.[**41%€] There are
several effects that influence the movement of the contact line, and that leads to unpredictable

pattern formation. A proper explanation is still unresolved.

(b)

Figure 1.2: (a) Rapid dehydration from sharp edges causes potato wedges to burn at the edges
first.'7 (b) The arrows indicate the non-uniform evaporative flux from the surface of the drop,
at the periphery evaporative flux is higher than the away from the periphery.[58l

1.4.2 Evaporation-induced Self-assembly

Evaporation-induced self-assembly refers to that process where the phase separation of
solute particles from a solution at the three-phase contact line of an evaporation driven liquid
meniscus is exploited. Due to its versatile, simplistic, generic, and inexpensive characteristics,
this technology will find its application in many smart industries and scientific quest where

meso-patterning is the cynosure.
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1.4.3 Physics Behind Evaporation

Let’s Discuss the simple evaporation process that occurs in every liquid. A sphere cap
shape is secured with a certain contact angle ‘0’ after placing a drop on the surface. Liquid
starts evaporating from the outer surface of the meniscus. Evaporation is driven by a gradient
of concentration of the liquid with surrounding. Three tangible processes transport liquid
molecules from bulk to the surrounding. First, phase change: the rate at which liquid molecules
come across the air as vapor from the bulk 181191 Second, transport of the vapor molecule
away from the drop into the atmosphere.}971201211 Thjs s diffusion or a combination of
diffusion and free convective transport. The third is evaporative cooling and heat transfer to

the liquid-air interface.[**°]

Due to the concentration gradient, liquid molecules cross the air-liquid interface into the
atmosphere. VVapor concentration is more saturated at the interface than away from the drop.
So, vapor molecules drive away from the interface, leading to more evaporation from the bulk
of the liquid. As the liquid molecule gets vaporized, the drop size also decreases.
Simultaneously, the air-liquid interface shifts from its’ original position. This time-dependent

vapor concentration ‘c’ is governed by the unsteady state diffusion equation

% = pv2c (1.1)

where, D is the diffusion constant for vapor in the air. Here motion of the drop is much
slower than the diffusion time of vapor. Therefore, we may assume that the system is quasi-

steady. The concentration is expressed by
Vic =0 (1.2)

J]= —-DVc (1.3
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J is the strength of the evaporative flux, deduced by the gradient in the vapor
concentration from the drop surface. Vapor is saturated c,; just above the drop surface, and
Cs IS the concentration away from the surface. These are the boundary condition to evaluate
evaporative flux. If c,, < ¢4, then vapor diffuses towards the atmosphere. So that drop starts
evaporating, and a diffusive out flux arises. Another boundary condition is that the vapor
cannot diffuse into the substrate on which the drop rests. Researchers reported that this
evaporative flux is not uniform all around the surface. Evaporation is much higher at the contact
line than at the top surface when the substrate is partially-wetted (0° < 8 < 90°).[19%:122] Drop
forms a pointy wedge geometry, where evaporation is stronger. Hu and Lasron reinvestigated

and simplified Deegan’s model to determine the evaporative flux, which is as follows
J @ =JoO)[1 - )@ (L4)

where, r is radial coordinate, 8 is contact angle and R is the wetted radius. The terms

Jo(8) and A(0) are defined as follows, 12212
Jo(8) = [D(csar — Coo)/R (0.2762 + 1.30)(0.6381 — 0.2239(8 — 1/4))?] (1.5)
A(0) = 0.5 — 6/ (1.6)

to know the complete evaporation time of the entire drop, one has to know the

evaporative flux. However, decrease in size also gives the duration. If drop volume is V, V~R3,

the diffusion time t; = RZ/D, rate of volume changes as

L R —-_DR (1.7)

dat  tg

Equation 1.7 expresses that the rate of volume change is proportional to the perimeter of
the drop, and does not depend on the surface area. There are two modes that occur when air-

liquid interface moves. First is constant contact angle, where the contact line rapidly moves

TH-3056_166107028
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without change in contact angle while drop size reduces. The second is the constant contact
line. In this case, drop is in pinned position, and the contact angle is proportional to the drop

size.

1.5 Thesis Overview

The primary objective of this thesis is to adopt a low-cost approach for long-range pattern
formation with polymers. We investigate a variety of polymeric structures comprising straight
to undulated micro-threads or micro/nanodroplets of homo or blend polymers. The
methodology, which has been adopted here, is a form of self-assembled micro/nanostructures
from a moving contact line, termed as dynamic contact line lithography (DCLL). The first three
problems, are based on the surface engineering of a Si/glass substrate. We investigate different
morphological structures by various setups, collaborated with DCLL, and at the last problem,
we develop an energy harvesting device, which shows the potential of DCLL in modern low-

cost technology.
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On the demand for structured surfaces for various applications, a number of studies have
been reported about different methodologies of surface engineering in the micro/nanoscale, and
it is still counting. This thesis mainly focuses on the self-deposition of polymeric structures
from a moving contact line and its applications. Therefore, the subsequent sections discuss

some relevant reported works as a literature survey.
2.1 Recent Works on Contact Line Deposition and The Deposited Features

Fefen et al.l!l have approached experimentally to get a coffee stain patterns with self-
assembled microparticles. Some chemically functionalized microbeads are used for the coffee
stain deposition process. A fixed concentration (0.02% wt vol™1) solution is prepared and
deposited on a glass slide. Polystyrene and silica beads, size of 500 nm, are used as particles.
As evaporation is a much slower process, a porous media (wick) is introduced to take out the
liquid. During the evacuation, a high degree of contact angle hysteresis is also found to develop
at the contact line when contact angle reaches below 5° which imply evacuation flow and

particle jamming at the contact line (Figure 2.1 & 2.2).

Figure 2.1: Side image of the droplet during evacuation at time evolution of (a) 0 s, (b) 0.72 s,
(c) 1.29 s, (d) 2 s, (€) 2.58 s, and (f) 2.72 s.14]
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Figure 2.2: High magnification optical profilometry readings of (a) polystyrene and (b) silica
microspheres at the front of the coffee stain ring deposited for 13 min before evacuation. The
polystyrene array appears “higher” despite each microsphere being of the same size, indicating
a higher propensity of stacking on top of each other with these particles.[!

F.F. Shao et al.[?l have investigated the methods of intervening in the natural process of
particle collection in an evaporating droplet. They have shown how to remove the smear of
particles randomly distributed within a single ring and to create more ordered and concentric
multiple-ring patterns (Figure 2.3). The techniques have then been shown to control

deposition’s cross-sectional characteristics.

Figure 2.3: (a) Under natural condition, a single ring was formed on glass slide after
evaporation process completed (the intensity profile taken across the ring shows its width and
height), (b) while multiple rings were formed on a “starfrost” coated glass slide. (¢) When the
natural condition was distributed, a single ring well was formed by removal of the remaining
fluid before the evaporation process completed (the intensity profile this time shows the
decreased width and height), and (d) concentric rings were formed by extract-inject motion via
a fine needle connect with syringe.[?!
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W. D. Ristenpart et al.’l have studied the effect of Marangoni flows on the deposition
pattern by forcing particles toward the drop center. They have demonstrated experimentally
that thermal Marangoni flow in evaporating droplets depends sensitively on the ratio of the
liquid and substrate thermal conductivity. A quantitative derivation shows the direction and

magnitude.

kgt = tan(6,)cot(%e + % 2.1)

k& is the critical thermal conductivity ratio. It is the ratio of Substrate and liquid thermal
conductivity. The values of k above the curve (Figure 2.4 & 2.5), the temperature decreases
with distance from the contact line, and the flow is directed radially outward along the

substrate.

(b) Tk (@

Figure 2.4: (a) Qualitative depiction of the streamlines observed inside evaporating droplets
on PDMS. Arrows indicate the direction of different liquid: upward for isopropanol and
chloroform, downward for methanol and ethanol. (b)-(d) Particle deposition patterns resulting
from different evapoting fluids on PDMS. INeach case, a high concentration of particles
deposited in a central part of the pattern near the stagnation points of the Marangoni flow. (b)
Methanol, (c) Ethanol. (d) Isopropanol. Scale bar is 0.2 mm.F!
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Figure 2.5: Experimental observations and numerical calculations of the circulation direction
inside evaporating drops. The solid line is Eq. (1). Regions above and below the line correspond
to circulation directions sketched in the respective streamlines, obtained from the asymmetric
corner flow solution.!

Figure 2.6: Flow field in a drying octane droplet, (a) imaged experimentally and (b) predicted
(M, = 45800). To observe a clear Marangoni Vortex the illumination plane was moved
forward about 0.66 mm from the symmetrical axis of the droplet.

Hua Hu et al.[l also have shown the reverse coffee ring deposition due to Marangoni

flow. They have mentioned that manipulating this Marangoni flow in a drying droplet should
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allow one, in principle, to control and redirect evaporation-driven deposition and assembly of

colloids and other materials (Figure 2.6).

Hanneke Gelderblom et al.! have reported that monodisperse colloidal particles have
revealed a structural transition, originated from a temporal singularity of the flow velocity
inside the evaporating droplet at the end of its life. Particles have time to arrange themselves
by Brownian motion when deposition speed is low, but at the end, high-speed particles are

deposited into a disordered phase (Figure 2.7 & 2.8).

a

Figure 2.7: Order-to-disorder transition in the particle stain left by an evaporating drop. (a) A
3 ul sessile water droplet evaporates from a glass substrate. (b) Ring-shaped stain of red
particles (the coffee stain) left on the substrate after evaporation. (c) A close-up by an optical
microscope of the bottom layer of the stain, taken from the white square in (b), shows that the
outermost lines of the stain (left) have an ordered, crystalline structure. Towards the center of
the drop (right), a transition to a disordered particle arrangement is observed. (d) A top view
of the ring stain, taken from the red square in (c) with a scanning electron microscope (SEM),
shows that the first lines of particles (left) are arranged in a hexagonal array, while the next
lines (brighter in the image) are arranged as square, followed by again hexagonal array.!

Peter J. Yunker et al.®!l have reported that the shape of the suspended particles is

important and can be used to eliminate the coffee-ring effect. Ellipsoidal particles are deposited
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Voronoi Area (um?)

Figure 2.8: Analysis of the particle ordering in the stain. (a) Overview of the different patterns
observed in the ring stain. The position of the contact line is on the left side of the figure (the
first layers of particles are not shown). (b1)-(b3) A close-up reveals the sequence of patterns
in the stain: square packing close to the contact line (b1), followed by hexagonal packing (b2),
and finally disordered packing (b3). The VVoronoi cells belonging to the particles are shown by
blue lines. (c) The area of the Voronoi cells plotted versus the distance x from the contact line.

uniformly during evaporation. The anisotropic shape of the particles significantly deforms
interfaces producing strong interparticle capillary interactions.l’*31 Thus, after the ellipsoids
are carried to the air-water interface by the same outward flow that causes the coffee-ring effect
for spheres (Figure 2.9). Strong long-ranged interparticle attractions between ellipsoids lead to

the formation of loosely packed or arrested structures on the air-water interface.[’:81.14]
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i .

Figure 2.9: Transportation of particles over time. a-h, Experimental snapshot at different times
t/trinq during the evaporation of a drop of particle suspension; shown are data for spherical

particles (a-d) and for ellipsoidal particles with aspect ratio « = 3.5 (e-h).[!

These structures prevent the suspended particles from reaching the drop edge and ensure
uniform deposition. Interestingly, under appropriate conditions, suspended spheres mixed with
a small number of ellipsoids also produce uniform deposition. Thus, particle shape provides a
convenient parameter to control the deposition of particles without modification of particle or

solvent chemistry.

Hiroshi Yabu et al.l** have proposed a novel method to fabricate patterns from receding
meniscus on a solid surface. A chloroform solution of polystyrene and poly(3-hexylthipene) is
prepared. Polymer solutions (200 pl) are placed in between two glass slides. Both glasses are
separated by a narrow gap of 200 um. The upper glass plate is moved at speed from 10 pm s—1
to 400 pm s~1. A thin liquid film is formed behind the moving edge of the glass plate. A rapid
evaporation of solvent at the meniscus helps to form the mesoscale pattern on the surface

(Figure 2.10).
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sliding direction i siiding dir ] 11

f ladder pattern

Figure 2.10: (a) Optical (upper row) and atomic force (lower row) microscopy images of
polymer pattern prepared from polystyrene solutions. (b) The ladder pattern prepared on the
glass plate and its laser diffraction pattern.!*®l

Pisist Kumnorkaew wt al.[*®! have reported a new method to fabricate micro-patterned
surfaces. Dragging a meniscus of a suspension across a substrate helps to deposit a monolayer
of microspheres. The primary colloid suspension is used in this work. A colloidal solution is
prepared by dispersing silica microspheres having a density of 2.2 gcm™3 and average
diameter of 0.50 + 0.01 and 1.01 + 0.02 um in deionized water with a volume fraction of
@=0.2. for the fabrication of micro-lens arrays, a separate solution of 1.1 um polystyrene was
prepared at =0.2 in DI water. In controlled humidity chamber, a glass slide is placed on a
glass substrate (Figure 2.11, 2.12 & 2.13). The distance is maintained at 10 um between two

glass substrates. At different sets of angle glass slide is dragged along with the meniscus at a
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speed of 20 — 90 um s~1. Thus, a monolayer of particles is deposited on the surface to

fabricate micro-lens arrays.

Figure 2.12 depicts a schematic of configuration of the fabricated micro-lens arrays.
Here, gallium nitride (GaN) is a base contact layer of the indium gallium nitride (InGaN)
quantum well (QW) LEDs device. Polystyrene (PS) and silica monolayers are deposited
subsequently. At first, PS is deposited, and dried in air, followed by deposition of silica
monolayer. Here, monolayer of PS microparticles acts as a template for the deposition of the
silica monolayer. The sample is then heated above the melting temperature of the PS
(~240 °C), so that the silica monolayer is wetted by the melted polystyrene. The obtained
morphologies of silica monolayer that include submonolayer, monolayer, and multilayer, are
depicted in Figure 2.13. Within each of these morphologies, multiple microstructures are
observed including randomly deposited colloids and both locally and long-range-ordered

structures with various packings and symmetries.

Evaporation Flux, J,

Fyvey
::3: 2DCrystal

Figure 2.11: Experimental setup showing equipment (a) and the local deposition process (b)
where a meniscus is pulled relative to the substrate to induce deposition and the local ordering
of particles.[*6]
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Figure 2.12: Deposition process to fabricate micro-lens arrays, (a) An initial monolayer of 1.1
pm polystyrene microspheres is deposited on the InGaN/GaN quantum well LED. (b) A second
monolayer of 1.01 um SiO: is deposited on top of the PS layer. (c) Heating above the melting
temperature of PS partially submerges the SiO, microspheres, forming the desired geometry. !¢l

Sub-monolayer Monolayer Multilayer
Hexagonal Transition

2+layers

Figure 2.13: Three resulting morphologies are submonolayer, monolayer and multilayer
depositions. Various microstructures may exist, including random and locally ordered
morphologies in the submonolayer regime, hexagonal and square close-packed monolayer
crystals, and transition regions separating various microstructures formed in 3D.[€]

Koushik Viswanathan et al.l™ are in favor of stick-slip modes at the interface of two
polymer surfaces while in movement. They have talked about three waves that directly affect

the movement of the substrates.
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&V, (PDMS)

Figure 2.14: (a) Slip pulse propagation. In optical image, dirt particles inside the contact are
seen to move in the direction of V;, (remote velocity). However, wave features are not visible
since interface detachment does not occur. (b) Shape of separation pulse near the 2a (applied
normal loads) transition. Large tensile strains are evident in the wrinkle marks (at arrows) at
the front of the wave. For slightly larger 2a values, detachment is not observed, and a slip pulse
propagates instead. (c) Schallamach wave propagation in an imperfect contact. Despite the
presence of dirt particles/scratches inside the contact region, Schallamach wave propagation
occurs albeit with altered geometry as shown here. The wave shape is distinctly different from
a single wave inside a perfect adhesive contact with no impurities.[*"]

First one is due to their slow propagation speeds, called Schallamach waves. The second
is the slip pulse which is a sharp stress front that propagates in the same direction as the
Schallamach wave. The last one is the separation pulse involves local interface detachment and
travels in the opposite direction. The transition between these stick-slip modes is easily affected

by changing the sliding velocity or normal load (Figure 2.14).

The direction of wave propagation V, can be explained in terms of the tension/
compression at the free surface. Using the coordinate system, the direction of propagation is
linked to the sign of the surface strain €,,. For steady-state constant velocity propagation, the
tangential interface displacement w, is a function u, (x — V't). The surface strain €,, can be

approximated as

€ = Dx o 1 (2.2)
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where, Ax is the slip per wave and T is the duration of propagation. The sign of Ax is the
same as V/;, so that strain €, is negative if the wave propagates in the same direction as V,, and
IS positive if it propagates in the opposite direction. For the case of Schallamach waves and slip
pulses €,, < 0, and they result in compressive surface strain. For separation pulse €,, > 0 and

the surface strain is tensile.

Hugues bodiguel et al.l*® have shown stick-slip mode in the evaporating silica-suspended
droplet. After evaporation, a pattern formation is exhibited from the suspended particles. Their
study is mainly focused on the stick-slip regime and the formation of the patterns (Figure 2.15
& 2.16). Their analysis supports the idea that the pinning of the contact line results from a

competition between the geometry of the deposit and the force due to gravity.
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Figure 2.15: Examples of the meniscus displacement obtained by the analysis of the images.
(A) The imposed average velocity is 5.5um s~1, temperature 25°C, humidity 30%. (B) Strong
stick-slip at 0.95 pm s~ with a volume fraction of 1.4%.[*®l
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Contact line

dire‘ctio/

Figure 2.16: (A) Optical profilometer image of a periodic deposit obtained in the following
conditions: imposed average velocity = 1 pm s~1, particle volume fraction = 1.41%, humidity
90%, temperature 25°C, Veyap = 0.06pum s™*. The typical pattern height is 5 um. (B) Optical
image of a dried glass slide.[8]

Wei Sun et al.** have shown a different yet simple method to fabricate gradient grating
on polymer films in an economical and efficient way. Copper wires of varying diameters 51,
79 and 102 pum are placed separately on a 90 nm thick poly(methyl methacrylate) (PMMA)
film. Copper wire is covered by 20 pl toluene solvent. Gradient surface stripes are constructed
on PMMA film. Results show the variation of the spatial wavelength with the distance to the
copper wire center. The spatial wavelength decreases linearly with a decrease of the distance

to the copper wire center (Figure 2.17 & 2.18).

Figure 2.17: Optical images of the evaporation-induced surface pattern: (a) surface patterns
formed via a single copper wire and (b) enlarged view of the surface pattern in the enclosed
area in (a) (Film Thickness 90 nm, diameter of the copper wire 79 pm).[*%]
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Figure 2.18: (a) AFM image of the parallel stripes over an area of 40 x 40 um? and (b)
Surface profile of the parallel stripes.[*%]

2.2 Recent Works on Patterned Surface Based Applications

2.2.1 Biosensing

Patterned surfaces with ordered structures have been introduced into the field of sensing,
since their ordered two-dimensional structures, which can provide more reactive sites,
enhanced sensitivity and obvious visualization. A variety of sensing platforms based on two-
dimensional patterned surfaces have been fabricated for protein, DNA, cell and bacteria
sensing. In this part, we will present a brief introduction of the research progress focused on

patterned surfaces-based sensing.
2.2.1.1 Protein Sensing

As an essential organism component, protein has played a specific role in maintaining
daily activities.[?>-?] Protein can perform incredible stereo-structures since it does not have a
predictable sequence and always perform multimerization and post-modification after the
translation process. The structures of the protein are also diverse and have a great effect on the

organism functions in daily life. Thus, it is essential to build a facile and sensitive platform for
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the detection of the proteins that act as a feature markers for specific functions.[?6-31 Taking
advantage of patterned surfaces, Zhang et al. fabricated sensitive protein sensors based on

elevated silver nano-hole arrays by reactive ion etching and vapor deposition.[?!
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Figure 2.19: Dip-pen nanolithography approach for the preparation of functional patterns. (a)
SEM image of part of a 55,000-pen 2D array. (b) Fluorescence microscopy of 1 mol%
rhodamine-labeled 1,2-dioleoyl-sn-glycero-3-phosphocho-line. (c) Dark-field light-scattering
image of gold nanoparticles hybridized to immobilized DNA patterns created by passive 26-
pen arrays. (d) Fluorescence images of protein patterns generated by DPN.[!

Jung-Hyurk Lim et al.3 fabricated protein nanostructured pattern on a modified silicon
oxide surface (Figure 2.19 (d)) by dip-pen nanolithography (DPN). There were two types of
protein. First, rabbit immunoglobulin G (IgG, developed in goat, Sigma), and second, human
immunoglobulin G. Two types of protein were deposited separately on separate substrates.
Later, both the samples were immersed in antirabbit IgG (Labeled with Alexa 594) and
antihuman I1gG (Labeled with Alexa 488) solutions, respectively. Fluorescence microscopy
showed a prominent selective attachment of anti-IgGs with their respective IgGs. A cross

attachment is also reported with a percentage of < 20 %.
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2.2.1.2 DNA Sensing

Besides the protein mentioned above, DNA is another kind of important macromolecule
that exists in organisms. It has a long history that can trace back to the birth of life, carrying
genetic information and acting as the foundational materials for biological heredity. Life will
present unexpected phenotype or subject to different diseases due to the mutation at specific
sites of its backbone structure. Therefore, it has become a very important problem for rapid
DNA detection to evaluate the life’s health status before the phenotypes emerge. Taking
advantage of the double helix structure, DNA chains can have various secondary structures,
which endow the DNA chains with the ability to recognize DNA, RNA, protein, and other
molecules. And this provides opportunities for researchers to prepare DNA sensors based on
patterned surfaces with a low detection limit, simplified approaches, less input and conduct in
rapidly with high performance.*>%61 Lju et al. reported a facile and cost-efficiency method to
fabricate single-strand DNA (ssDNA) nano-cone arrays and hierarchical ssDNA patterns

(Figure 2.20), which perform great potential in specific DNA sensing.]

300 pum
e

Figure 2.20: Polymer brush patterns mediated DNA sensing system. (a) Fluorescence image
of the DNA nano-cone arrays with the period of 620 nm after binding the FITC-conjugate
complementary oligonucleotide; (b) fluorescence image of hierarchical DNA patterns after
binding FITC-conjugate complementary oligonucleotide. (c) The enlarged fluorescence
photograph of the DNA pattern in image.*"

2.2.1.3 Cell Isolation and Sensing
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Another important sensing application of patterned surfaces is specific cell
detection.[®8% Cells, as the building block for organisms, have a great effect on the functions
and behaviours of organisms, and there possess various kinds of cells with specific functions
to support their daily lives. Just as each corn has two sides, there are also some bad cells which
will cause detrimental diseases. For example, circulating tumor cells, a kind of cancer cells
which break away from tumor or metastatic sites, circulating in peripheral systems as the
original metastasis and providing facile assessment to all disease sites.*%4! Thus, it is of great
importance to detect and analyze such kind of bad cells and provide helpful information for
disease status evaluation. Based on this, series of efficient platforms for specific cells in
patient’s blood sample identification have been successfully fabricated with common efforts in
chemistry, material science and bioengineering.[*>*4 And patterned surfaces have become an
alternative system to sense different cells in a facile, real-time, and visible manner. Hsiao et al.
prepared PEDOT (poly(3,4-ethylenedioxythio-phene) derivatives based rod arrays for the

capture of circulating tumor cells with rod sizes ranging from micrometer to nanometer.%
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Figure 2.21: Specific cell sensing on patterned structures. (a) SEM images of PEDOT-based
micro/nano-rod array films; (b) cell-capture efficiencies from suspensions of breast (MCF),
lung (A549, HCC827), cervical (HeLa), prostate (PC3), and brain (U87) cell lines; inset: two-
color fluorescence image based on DiO membrane (green) and DAPI nuclear staining.[*®]
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2.2.2 Thin Film Battery

Baggetto et al.[* fabricated a honeycomb-structured Si film on planar TiN-covered Si
substrate by photoetching. After lithiation, the honeycombs became highly curved (Fig. 24a).
The thickness, length and height of the curved wall all increased compared with the starting
material. Figure 2.22 (b) illustrates the morphological changes during delithiation.

Interestingly, the

100

Storage capacity (pAh/em?) ——>

Figure 2.22: (a) SEM images of the as-prepared and fully lithiated Si honeycombs; (b)
morphological changes of the Si honeycomb structure during delithiation.®!

highly curved structure gradually converted back to its original configuration, and the

hexagonal honeycombs were recovered finally, with exhibiting only slight deformation.

2.3 Knowledge Gap and Objectives of The Thesis
o Literature survey clearly shows that investigation is going on in the field of colloidal
lithography to improve the process and its practical applicability. Colloidal lithography
has its own limitation as there are lot of complexity in order to fabricate well-patterned
surface with high resolution. A proper explanation of the evaporation process and how

the suspended particles deposit at the contact line is still a mystery.
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e Some novel methods have been developed to get the patterned surface in a microscale.
Fabrication of a specific pattern on a large scale with colloidal lithography process is
complicated.

e So far, very few reports on fabricating polymeric micro/nano-threads have been
published. Most of the literature is on colloidal suspension. Here we attempt to

fabricate micro/nano-threads of only polymers.

In contrast to the previous studies of literature and knowledge gap, we are proposing
some methods to fabricate patterned polymer surface and their applications, and those are as

follows

e Dynamic Contact Line Lithography: Template-less Complex Meso-Patterning with
Polystyrene and Poly(methyl methacrylate).

e Janus Micro-thread to Micro-nanodroplets Using Dynamic Contact Line Lithography.

e Solvent Assisted Dewetting of PMMA Thin Film and PS Micro-thread: Fabricated by
Dynamic Contact Line Lithography.

e Self-assembled PVDF Micro-threads with B-phase Crystallinity; Induced by Dynamic

Contact Line Lithography Coupled with Electric Field.

Concisely, in the present thesis, objectives are distributed into four chapters, along with
future scopes of the works. A detailed list of publications has been provided at the end of the

document.
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Abstract

Micro/nanopatterning on a 2D surface is apt for cutting-edge miniaturization technology,
which directly or indirectly requires high-end expensive lithographic tools. The evaporative
deposition at the receding contact-line of a polymer solution, termed as Dynamic Contact Line
Lithography (DCLL), can be a potential inexpensive technique for template-less meso-
patterning. The desired morphology can be achieved if the deposition patterns from DCLL can
be predicted a priori. A deposition map (morphological zone diagram) from the myriads of
patterns is constructed in terms of contact-line velocity and the polymer concentration.
Specifically, two combinations: polystyrene (PS)/cyclohexane and poly (methyl methacrylate)
(PMMA)/toluene are used to show the generic nature of the zone diagrams. The surface
wettability of Si (water contact angle, CA ~ 15°) is tuned from CA ~ 35° to ~98° by
patterning with DCLL. Directed by the zone diagrams, fabrication of a complex rectangular
cross-pattern of PS and PMMA micro-threads with a periodicity of ~ 65 pm and ~ 50 pm
respectively on a Si surface is demonstrated to establish the robustness and potential of the
DCLL and predictive zone diagram.

3.1 Introduction

Surface modification by coating with functional materials is essential nowadays in
various industrial applications. Some of the coating techniques are complex and involve
sophisticated equipment aiming at specific applications such as anti-reflective lens,!!
frictionless surfaces,>#! photovoltaic applications,® etc. However, some of the applications
such as super-hydrophobicity,[®” reversible adhesive,® sensors,®'% micro-lens arrays to
improve the efficiency of LED,*Y optofluidics,*? solar cell,™** biomedical applications,** etc.
can be achieved simply by facile, inexpensive techniques mostly relying on self-assembly of

materials. One such technique is the natural evaporative deposition of particles from a solution
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droplet, where the particles are dragged towards the pinned contact line due to the Marangoni
flow induced by the higher evaporation rate of the solvent near the contact line and form a
“coffee ring”.*! Realizing its potential application in inkjet printing, microfabrication,
biomedical, and electronic printing, in the last few decades, this problem is studied extensively
aiming to control the deposition patterns from coffee ring to disk-like deposition.*6-2° The
evaporative deposition pattern from a stationary solution droplet can be influenced by the
concentration of the particles, controlled Marangoni flow induced by temperature of the
substrate,®! or by the presence of a volatile solvent source.[*® Unlike a stationary droplet, by
drawing the solution meniscus away from the contact line at a regulated speed, the controlled
deposition of particles has been made continuous, often known as blade coating or doctor-
blade.l?!! In this process, the colloidal solution is arrested between the deposition blade and the
substrate due to the capillary force. The speed of the contact line on the substrate is maintained
by controlling the relative motion of the deposition blade and the substrate while driving any
one or both. This convective flow deposition technique experimentally and theoretically was
investigated for colloidal particles,*??261 as well as for polymer,?”21 or organic

molecules.%31

Formation of micro/nanostructure from convective flow deposition of a polymer solution
is associated with dewetting of the thin liquid film, stick-slip phenomena, and fingering
instability, originating from the Marangoni stress near the contact line.*? Another surrogate
technique is the solvent evaporation-induced pattern formation from a precast polymer thin
film.[33, 34] Deblais et al. have demonstrated that using the contact line instability of non-
Newtonian fluid, slender liquid micro-filament can be formed in the orthogonal direction to the
contact line and this can be used for particle sorting or stretching of DNA molecules.[35] These
self-assembled evaporative patterns are highly sensitive to the deposition conditions such as

solvent evaporation rate, polymer, substrate, the gap distance between the deposition blade and
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the substrate, speed of the contact line, temperature, etc. but can be reproducible at identical
conditions. Deposition characteristics changes depending on the radius of curvature of the
liquid meniscus, substrate, or blade surface energy.™*! Yabu et al. have also demonstrated that
different morphology such as stripes, ladders, droplets can be deposited on a substrate by tuning
the system parameters.l?’l To date, there is no guidance available for a predictive deposition
following this method. As these regular patterns are reproducible at controlled conditions, this
can be used as a template-less patterning technique, if only, one can foretell the deposition

pattern a priori depending on the process parameters.

In this report, we uncover the generic predictive nature of the controlled evaporative
deposition by constructing the morphological phase diagram for such template-less micro-
patterning as a function of polymer concentration and stage velocity. Two common polymer
solutions polystyrene (PS) in cyclohexane and poly (methyl methacrylate) (PMMA) in toluene
are used in this study. Although toluene is a good solvent for both PS and PMMA, the two
different solvents cyclohexane and toluene are chosen for the experiments to identify the
generic nature of the deposition patterns for both high (cyclohexane) and low (toluene) volatile
solvents. Guided by the predictive morphological zone diagrams of the deposition from two
polymer-solvent systems, a complex long-range micro-striped pattern of binary polymer is also
fabricated which is quite challenging to achieve by any other method other than a short-range

ordered arrangement by self-assembly. %]
3.2 Experimental Section
3.2.1 Materials

The materials used for the experiment were polystyrene (Mw — 192000, Sigma Aldrich),
poly (methyl methacrylate) (Mw — 120000, Sigma Aldrich), cyclohexane (Extrapure AR, Sisco

Research Laboratory), and toluene (rectified 99%, Loba Chemie). Polymers with moderate
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molecular weight were chosen to probe the variety of deposition patterns (discussed later) at
different concentrations. The solubility of PS in cyclohexane is 3.9 x 10~ mol L™! and that
of PMMA in toluene is 5.8 X 10~* mol L™1. A stainless-steel blade (Gillette) was purchased
from a local vendor and a p-type one-sided polished silicon wafer with an orientation of <100>,

was procured from Macwin India.

3.2.2 Preparation of Solution and Sample

We used the solution of polystyrene (PS) and poly (methyl methacrylate) (PMMA) in
cyclohexane and toluene, respectively, for this experiment. The polymers were dissolved in
respective solvents at room temperature (~ 23°C) with continuous stirring for six hours. The
concentration of PS and PMMA were varied from 0.05 gL to 0.6 g Lt and from 0.5 g L1
to 2 g L™1 respectively. It is important to note that the diffusion coefficient (Dp) of both the
polymer molecules in the selected solvents are of the same order (PS in cyclohexane is
~3.04 x 107 cm?s™! and PMMA in toluene is ~5.80 X 10’ cm?s™! at a room
temperature of 23 °C)."! Silicon wafers were cut into pieces of dimension 1 cm x 2 cm, and
before the experiments, were cleaned with piranha solution (a mixture of sulphuric acid and
hydrogen peroxide in 4: 1 ratio), followed by rinsing with de-ionized water (Elix-3, Milli-Q;
Millipore, USA). After cleaning, the silicon substrates were dried under a nitrogen stream. The
dried Si wafer was then fixed on a goniometer (GN05/M, Thorlabs Inc) for precise control of

the substrate leveling. The whole set-up was mounted on a custom-made movable stage.

3.2.3 Characterization

The prepared polymer solution was checked with a particle size distribution (PSD)
analyzer (Delsa Nano C Particle Analyzer by Beckman Coulter) to ensure that there is no filler

particles or globules in the solution. The movement of the contact line during deposition was
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observed by a high-speed camera (Basler Pilot piA640-210gc Color Camera) and the optical
image of the deposition was recorded using a bright field microscope (Axio Scope.Al MAT
HAL 100). The contact angle (CA) of a 3 ul water droplet placed on the deposited polymer

pattern was measured using a contact angle goniometer and associated software (Holmarc, HO-

IAD-CAM-01B).
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Figure 3.1. A schematic of the experimental setup and its components for dynamic contact line
lithography (DCLL). The inset diagram depicts a decrease of the receding contact angle by
dragged meniscus due to stage movement.

3.3 Results and Discussion

3.3.1 Dynamic Contact Line Lithography (DCLL)

Figure 3.1 shows the schematic of the experimental setup to deposit polymer micro/nano
features on a substrate. A cleaned silicon substrate was fixed on a custom-made stage, which
was driven horizontally by a servo motor. A stationary stainless-steel blade (Gillette Blade)
was attached to a holder, such that the blade firmly hung over the Si substrate vertically,

maintaining a narrow gap of ~ 200 um between the substrate and the blade tip. The narrow
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gap was ensured by taking an optical image of the arrangement and subsequently measuring
the gap. At this juncture, we would also like to mention that this gap distance affects the
hydrodynamic flow behavior of the polymer solution that marginally alters the morphological
zone diagram (discussed later). 20 ul of a polymer solution of different concentrations was

dispensed into the gap between the blade and the Si wafer surface.

Initially, at the stationary condition of the stage, the polymer solution symmetrically
distributed to both sides of the blade and the solution made a stationary CA of 6, ~ 8" (65 ~
7°) with the substrate at both sides of the blade when toluene (cyclohexane) was used. Upon
initiation of the stage motion, the CA differed to advancing (higher than the 6) and receding
(lower than the 6,) contact angle at the front and rear contact line, respectively. The deposition
of the polymer took place at the rear contact line. This narrow gap between the blade and the
substrate perfectly held the solution because of the capillary force and the drop meniscus was
dragged on the substrate along with the blade while the stage was moving. The velocity of the
stage along with the substrate was controlled mechanically by a motor. For a particular
experiment, stage velocity was kept constant. Although the instantaneous speed of the contact
line motion varied intermittently in a time-periodic manner due to stick-slip phenomena, the
average velocity of the contact line was dictated by the stage velocity in the opposite direction.
Thus, for simplicity, hereafter, we will denote the stage speed as the speed of the contact line.

The contact line speed was varied from 20 um s=* to 100 um s~ 1.

Three distinguishable deposition regimes were identified — i) initial unsteady deposition,
il) intermediate steady deposition, and iii) final unsteady deposition. Unsteady situations
instigated because of the interplay between unsteady evaporation of solvent and speed of
contact line (regime (i)), and due to high local concentration fluctuation at the end part of the

experiment (regime (iii)). The deposition patterns become irregular in these unsteady regimes.
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In this report, we will restrict our discussion only on the quasi-steady state deposition, the
middle part of the deposition pattern (regime (ii)). As the experiments were carried out in a
controlled environment with a temperature of ~ 25 °C and at a relative humidity of ~ 68 +
2 %, negligible disturbance from the surroundings was expected to affect the evaporation rate

of the solvent and the deposition pattern.

At the receding contact line, due to very low contact angle and the higher evaporation

rate,[*% three interesting phenomena occurred simultaneously:

i) The local concentration of polymer increased near the contact line due to a higher

evaporation rate.

i1) Polymer micro/nano-thread deposited at the receding contact line. A thin film of the
polymer solution was formed and get pinned at the deposited thread as the substrate was

in motion.

iii) The detachment of the thin liquid film from the pinned contact line took place as soon

as the pinning force was overcome by the restoring force.

This restoring force (v + v cos0) increased with time due to a decrease in the contact
angle 6 while pinned contact line was dragged by the moving stage. y¢ and vy, are the solid-
liquid interfacial tension and surface tension of the liquid, respectively. Except at a very low
stage velocity when the evaporation time scale was comparable to the deposition time scale
(one can compare the colloidal deposition from a stationary sessile drop scenario as an
asymptotic limit), the decrement in the contact angle was predominantly due to the dragging
of the pinned contact line by the moving stage. This increasing restoring force when exceeded

the substrate surface tension (y) and the pinning force per unit length of the contact line (Fy;p),

the contact line detached and sprang back to a new pinning site.[38—40] Thus, pinning and de-
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pinning took place time periodically. We call this time-periodic deposition ‘dynamic contact
line lithography’ (DCLL). The concentration of the polymer and the speed of the contact line
were systematically varied to investigate the deposition from dynamic contact line lithography

(DCLL).

To capture the pinning and de-pinning events of a contact line, a high-speed camera was
used to record the contact line motion at 210 fps. First, the deposition of PMMA thread from
toluene (concentration 1 g L) was observed while the speed of the contact line was
maintained at 40 um s~1. As the toluene evaporation rate is relatively slower compared to
cyclohexane, the pinned contact line was found to be relatively uniform and straight (Figure

3.2, top panel (a1) to (as)).

Deposited PS-line

Contactilne-__ Detachment of— Contéct fieses = withﬁlindulaﬂon~~*—
at pinning mode— ———contactfine——— at de-pinhing ModE B o | H
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Figure 3.2. (Color online) (a1) to (as) are the optical images at different timescale during
deposition of PMMA from toluene (1 g L™1) at stage speed of 40 pm s, (b1) to (b4) represent
the deposition process of the undulated line of PS from cyclohexane (0.1 g L™1) at the stage
speed of 40 um s~ 1. (c1) to (c4) are the optical images at different times of deposited PS micro-
globules from cyclohexane (0.4 g L™1) at the stage speed of 100 um s~*. All the scale bars of
a1 — as and b1 — bs represent 100 um and the scale bars of c1 — ¢4 represent 10 um. The
downward yellow arrow (right side) represents the direction of the contact line motion.
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On the other hand, at the same contact line speed, the pinned contact line of PS in
cyclohexane (concentration 0.1 g L) was undulated (Figure 3.2, middle panel (b1) to (bs)).
In both cases, the de-pinning process started from one side of the pinned contact line and then
propagated along the deposited thread line just like a crack opening. The deposition of PS from
cyclohexane was also associated with another interesting phenomenon. Once the contact line
was detached from the deposited polymer thread, initially it retreated, then swung back again
toward the already deposited polymer thread direction to some extent (see the gap between the
detached contact line and the adjacent deposited thread at the right side of Figure 3.2 (b3) and
2(bs), only to deposit the next polymer micro-thread on the surface. During this advancement
of the contact line, the polymer solution wetted the surface non-uniformly due to the surface
defects along with the fluctuation of local polymer concentration that gave rise to the undulated
contact line. This contact line instability % resulted in an undulated deposition. At a relatively
higher speed of the contact line and higher concentration of the polymer, this undulation was

reduced (shown later).

Interestingly, at a relatively moderate concentration of PS in cyclohexane (0.4 g L™1)
and a high contact line velocity of 100 pm s~*, PS micro-globules, instead of micro-threads,
were deposited (Figure 3.2 lower panel (c)). Moderate average concentration, relatively high
stage speed, and high evaporation rate of cyclohexane (and hence the low temperature of the
solution) induced local concentration fluctuation. The solubility of PS in cyclohexane being
less, the local concentration fluctuation randomly surpassed the solubility thus rendered micro-
globule formation due to the aggregation of the interchain association of the PS within the
solution near the contact line.*!] Receding contact line facilitated the deposition of the formed
micro-globules. The average diameter of the micro-globules was ~ 2 um. It was verified using

the PSD analyzer that there was no globule formation in the bulk of the PS-cyclohexane
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solution. Continuing deposition experiments with higher bulk polymer concentrations at the
same stage speed, PS micro-threads having a short length (or can be called the sporadic micro-

threads) due to partial pinning was obtained.
3.3.2 Morphological Zone Diagram

Figure 3.3 shows the typical deposition patterns from PS-cyclohexane (Figure 3.3, (a) —
() and PMMA-toluene (Figure 3.3, (g) — (I)) solutions at a few selected representative
concentrations and stage velocities. Other deposition patterns from polymer solutions having
different concentrations and at different contact line velocities. In general, PS micro-threads
from cyclohexane are more undulated and associated with more irregularities than PMMA
threads from toluene. This can be attributed to the more volatility of cyclohexane (saturated
vapor pressure PS3t = 97.59 mmHg at 25 °C),[*? compared to that of toluene (Ppaf =
28.529 mmHg at 25 °C).[**l As rapid evaporation of cyclohexane took place near the contact
line, the local cooling because of penalty for heat of evaporation of the liquid induced a
temperature gradient along the curved meniscus. This temperature gradient instigated
Marangoni flow into the bulk and induced local fluctuations in the polymer solution. It is often
observed that particles in a sessile colloidal droplet do not have sufficient time to redistribute
and organize during deposition due to the small time scale of evaporation associated with a
solvent having high volatility.[*®] Here also, near the contact line, higher volatility prompted a
sudden rise of the local polymer concentration which in turn induced local concentration

fluctuation near the contact line.
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Figure 3.3. (Color online) The micro patterns of deposited PS from cyclohexane (a-f) and
PMMA from toluene (g-l) at different concentration and contact line velocity: (a) sparse
undulated pattern, (b) line with partial pinning, (c) nanodroplet, (d), (e) — undulated lines with
branching and pinning (f) lines with partial pinning. (g) extreme undulation instability leads to
droplet-like appearance, (h) straight line, (i) lines with partial pinning, (j) lines with branching,
(k), (I)- straight lines with intermittent ‘missed out’ lines. Optical images of 3 pl water droplets
on these structured surfaces are depicted in the inset with contact angle stamped on the image.
The symbol at the top right corner of each frame corresponds to different zones in the zone
diagram discussed later in the text and Figure 3.4. The scale bar of primary images corresponds
to 200 um and that of the insets (water contact angle) depicts 1 mm. The magnified image (c1)
of Figure (c) has a scale bar of 50 um. The yellow arrow represents the direction of a moving
contact line.

The random formation of concentrated polymer globules-like structures due to
concentration fluctuation also imparted some defects on the surface. These defects became the
pinning sites during the final thread-like deposition and generated “undulations with branches”

(Figure 3.3 (d), (e)). Apart from these defects, the contact line also underwent instability caused
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by the unstable ridge formation due to Rayleigh instability. At a low stage speed, the instability
time scale for the undulations was comparable to the deposition time scale. However, these
irregularities, as well as undulation, decreased with the increasing stage speed due to the shorter
deposition time scale (discussed later). At the high stage speed, for the low concentrated
solution, partial pinning with incomplete thread (“line with partial pinning”) was observed. On
the other hand, with relatively higher concentration, and with a less volatile solvent (which
alleviated the concentration fluctuations) in the case of the PMMA-toluene system, the micro-
threads obtained were quite straight and regular. At a relatively low velocity of the contact line
and high concentration of PMMA, due to pinning at defects, ‘branching’ of the lines was

observed (Figure 3.3 (j)).

The ‘pinning’ was reduced and the undulation of threads became prominent (Figure 3.3
(@) and (g)) at a relatively low concentration of polymer. In general, PMMA melt has
preferential interaction with native oxide layer of Si wafer (SiO,) over PS.*644 Thus, one can
expect a stable PMMA thread compared to the PS. However, in this case, continuous undulated
PS thread (Figure 3.3 (a)) and seemingly isolated droplets of PMMA (Figure 3.3 (g)) were
obtained. A close inspection revealed that these isolated droplets-like structures were faintly
connected with a very thin line of PMMA. The polymer solutions being of low concentration,

initially formed stable undulated micro-thread of the solution on SiO: (ysio, ~ 64.7 m]/

m?).*°l At this juncture, it should be noted that the surface tension of cyclohexane (ycy =
249 mN/m) and toluene (yr, = 28.4 mN/m) are much smaller than high energy SiO:
surface. The undulated liquid PMMA/toluene solution threads eventually with time underwent
Rayleigh-Plateau like instability and disintegrated into small droplets. But for the
PS/cyclohexane system, due to the higher evaporation rate of the cyclohexane, the undulated
threads did not get enough time to undergo Rayleigh instability and deposited as the undulated

polymer micro-thread. On the other hand, the PMMA/toluene system, due to the slow
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evaporation rate of toluene, the undulated micro-threads of PMMA/toluene got sufficient time
to undergo Rayleigh instability and broke up into small polymer droplets. At high velocity of
the stage, due to large mass transfer area provided by the extended liquid meniscus, the solvent
evaporated rapidly thus formed stable micro-threads (Figure 3.3 (i)) of PMMA. On the other
hand, PS concentration being very low, the rapid evaporation of the cyclohexane induced thin
film dewetting thus formed dewetted microstructures of PS all over the surface (Figure 3.3 (c)).
The period or separation distance between two consecutive micro-threads is defined as the
wavelength (L) of the deposition. At a high concentration of PMMA and moderate to high
contact line velocity, intermittently, the formation of micro-thread was ‘missed out’ from the
periodic deposition (Figure 3.3 (k), (I)). A thread-like deposition initiates when the local
concentration near the contact line exceeds a threshold value (~solubility of the polymer). Then
the contact line gets pinned in that location due to deposition of the polymer and eventually
with time, forms a polymer micro-thread. As long as the liquid meniscus is attached with the
deposited thread, the polymer deposits and the liquid film (or liquid bridge) gradually get
thinner in between the deposited micro-thread and the bulk liquid meniscus. When the liquid
film is thin enough to instigate rupture, the bulk liquid meniscus, associated with the vertical
blade, snaps back like a spring to a new equilibrium position and starts depositing again. The
other part of the ruptured thin liquid polymer film associated with the rear side of the deposited
thread starts to dewet the substrate (discussed later). Sometimes the liquid meniscus remains
pinned at a deposited thread for a longer time. This longer pinning time is also associated with
the local polymer concentration fluctuations. After the deposition of every 3 or 4 threads, the
local polymer concentration is relatively depleted and renders a stable liquid bridge that
connects the deposited thread and bulk meniscus attached to the blade. This increases the
separation between the deposited thread and the moving blade position and thus increases the

distance to the equilibrium position to initiate new deposition. This appears as a ‘missed out’
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thread in the overall deposition pattern. The thicker deposition of polymer micro-thread just
before the ‘missed out’ position compared to other regular micro-threads, confirms the longer

pinning time and supports this explanation (Figure 3.3 (k), (I)).

Based on the different types of deposition patterns, e.g. lines, undulated lines, lines with
branches, lines with pinning, etc., due to the variation of contact line velocity and concentration
of polymers, a morphological zone diagram was constructed and shown in Figure 3.4. For the
PS-cyclohexane system, low polymer concentration and low contact line velocity promoted
micro-thread with undulation which was the manifestation of fingering instability observed at
a much lower velocity (Figure 3.4 (a)). The high evaporation rate of cyclohexane induced

Marangoni stresses near the contact line, thus initiated the finger-like structure.®?
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Figure 3.4. (Color online) Morphological zone diagrams of (a) PS and (b) PMMA from
cyclohexane and toluene, respectively, in terms of different velocities (v) of the contact line
and different concentrations of polymers. Undulation (up triangle, blue), lines with partial
pinning (left triangle, green), and no pinning (right triangle, magenta) are mostly visible at low
to moderate concentration of PS with increasing contact line velocity. Higher concentrated
solutions at lower velocities of contact line deposit thick undulated lines with branches
(diamond, deep purple). At a moderately high velocity of 80 um s~ and high concentration
nearly perfect straight line (square, black) deposition is obtained. For PMMA, a larger zone for
straight lines (square, black) is obtained for a low to a high concentration and at a moderate to
high contact line velocity. At a moderate to high concentration but at a low velocity however
lines with branches (circle, red) are obtained.
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Near perfect straight micro-threads or lines were obtained at a small ‘sweet spot’ of
0.6 g L~1 PS concentration and near about 80 um s~ contact line speed. Broken micro-threads
due to partial pinning were observed at moderate to high contact line speed and at moderate to
low concentration. No micro-thread deposition was observed at higher contact line velocity
(80 — 100 um s~1) with low to moderate concentration (0.05 - 0.4 g L™1), due to the lack of
pinning at the contact line; rather, micro-nano polymer droplets were found to be deposited.
This regime is termed as a “no pinning” regime in the morphological zone diagram (Figure 3.4
(@). In the case of the PMMA-toluene system, the whole morphological zone diagram was
spanning over a larger concentration domain, thus all the different domains discussed above
were squeezed towards a lower concentration regime revealing the generic nature of the zone
diagram. PMMA-toluene system depicts nearly perfect straight-line deposition, spanning over

a large concentration range, shown by black squares in Figure 3.4 (b).

The rich phenomena at the three-phase contact line such as stick-slip dynamics,
deposition at the contact line during the pinning stage, unzipping of the contact line, etc. are
also observed in the case of colloidal flow deposition. The high local concentration of polymer
near the contact line is analogous to the presence of particles in the case of a colloidal
deposition system. For such a particle/carrier solvent system as well, one can identify and
characterize the deposition patterns in terms of parameters such as concentration of particles

and contact line velocity.

3.3.3 Deposition Pattern Characteristics

Figure 3.5 (a) depicts the wavelength (A4) of the deposited straight lines as a function of
contact line velocity for PS and PMMA. The whole deposition process is a quasi-static
phenomenon and deposition takes place at the contact line if the local concentration of the

polymer, near the contact line, exceeds the solubility at the experimental temperature and the
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polymer phase separates from the solution. The local concentration of the polymer near the
contact line increases due to the higher evaporation rate of the solvent at that regime, and to
replenish the evaporative loss, more solvent flows toward the contact line along with the
polymer molecules present in the bulk.*64™ Thus, the accumulation of polymer molecules
takes place and eventually deposits as micro-threads on the substrate while the solubility
threshold is reached. Once the micro-threads are deposited and the contact line detaches from
the deposited thread, the local concentration of the polymer again becomes close to bulk
concentration or probably slightly less than the bulk concentration due to excess solvent flow
towards the contact line. The whole process then repeats in a time-periodic manner. We refer
to this time period as an average deposition time scale t4. The high velocity of the contact line,
achieved by the fast stage velocity, facilitates faster evaporation of the solvent by providing a
large area for the mass transfer. Assuming very thin liquid film formation near the contact line,
the evaporative mass transfer area develops per unit length (m) of the contact line per s is
vm? s~ where v being the contact line velocity with respect to the substrate in m s unit.
At a high speed of the contact line motion and for low bulk concentration, local concentration
fluctuation becomes high but due to low overall concentration, the polymer cannot accumulate
as a thread, rather form micro-globules near the contact line and deposits while the solvent
evaporates. The micro-thread deposition being more regular for PMMA/toluene system, we
attempt to characterize the same by calculating the wavelength, A4. The deposition time scale

tq can be estimated from the following equations:

}\dzUtd, (31)

It was found that the deposition time t4 is decreasing with the velocity of the contact line

(Figure 3.5 (b)).
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Figure 3.5. (Color online) (a) Characteristic wavelength of the deposition against the velocity
of the contact line at different concentrations of the PMMA. (b) Estimated deposition time, tq,
from eq. 3.1 shows decreasing trend with the velocity of the contact line. (c), (d) represent the
water contact angle in the parallel and perpendicular direction of the deposited PMMA micro-
threads, respectively. Dotted lines in Figure (c)-(d) are meant to guide the eye.

3.3.4 Tuning Wettability

We aim to tune the wettability of a Si surface by depositing polymer microstructure by
DCLL. The water contact angle on atomically smooth Si wafer is ~ 15° and that on flat PS and
PMMA are ~ 95° and ~ 75° respectively. We studied the wettability of the structured surface
against the DCLL process parameters viz. polymer concentration, Cp,, and the velocity of the
contact line, v. As the polymer micro-thread deposition makes the surface anisotropic, two sets
of contact angles, one, in the direction of the micro-threads (J[) (i.e. contact angle measurement
point lies on contact line perpendicular to the direction of micro-thread), and another,

transverse to the micro-threads (L) (i.e. contact angle measurement point lies on the contact
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line parallel to the micro-thread),* are shown in Figure 3.5 (c) and (d) insets, respectively.
Typical water contact angle data in the direction of the micro-threads (|I) arrangement on both
PS and PMMA structured surfaces are shown as insets in Figure 3.3. The experimental water
contact angle values for PMMA microstructures span from 60° to 93°. There is a general trend
in the case of PMMA microstructure that with increasing contact line velocity (v), the water
contact angle in the direction of the micro-threads (ll) decreases, but in the case of PS the
dependency is quite random and ranges from 35° to 98°. This can be attributed to the fact that
in the case of PS, there is a myriad of different morphologies such as branching of threads,
drop formation, etc. Whereas, for PMMA, in a majority of the cases, the deposition is nearly
perfect straight micro-threads. In general, it is observed that, with the increasing velocity of the
contact line (v), the wavelength of deposition (1) increases (Figure 3.5 (a)). Thus, roughness
factor r, which is defined as the ratio of the actual surface area to the projected surface area,
decreases with the increasing v. The decreasing trend of the parallel contact angle with the
increasing velocity is not in line with the earlier report,* that reflects that parallel contact
angle should attain the global minima close to the Wenzel state. From the calculated roughness
factor following the Wenzel model,“*5% the estimation of the contact angle in the direction of
the micro-threads (|l) of water for PS (PMMA) microstructured surface, varies from 95.3° to
98° (70° to 74.6°) whereas the same based on the Cassie Baxter model,®*53 varies from 142°
to 166° (139° to 167°). Both models differ vastly from the experimental contact angle values
shown in Figures 5 (c). The range of experimental contact angle (|I) for PMMA span above and
below the static contact angle of a flat PMMA surface. Apart from that, the water contact angle
transverse to the micro-threads (1) of PMMA deposited surface is also not following any
systematic trend (Figure 3.5 (d)). We have noticed another discrepancy that with increasing the

wavelength of the deposition (or with the increasing v ), for a particular polymer concentration,
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the width of the deposition should increase to satisfy the mass balance. But to our surprise,

there is a decreasing tendency of the width of the micro-thread with increasing v.
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Figure 3.6. (Color online) (a) AFM image of a micro-thread obtained from 0.5 g L~ PMMA
in toluene with a contact line velocity of 60 um s~1. At the front side of the thread (yellow
arrow), no nanoscale features are observed, whereas at the backside numerous nano-features
are observed. (b) and (d) are the magnified AFM images of the surface just at the backside of
the deposited thread and on the micro-thread, respectively. (c) represents the cross-sectional
profile of the micro-thread. The blue arrows in (b), (c), and (d) indicate the direction of the
contact line motion. The lower panel depicts schematics of the thread deposition (e), thinning
of the liquid film (f), and dewetting of the ruptured thin film responsible for the nano structures
on the backside of the deposited thread (g), respectively.

Close inspection of the surface revealed that there is a wide range of nanoscale
(~ 50 nm — 200 nm) features on the micro-threads (width ~ 6 pm), as well as on the Si

substrate itself (Figure 3.6). This hierarchical multi-length-scale structure might have enhanced
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the overall roughness factor, r, and differed the polymer fraction on the surface, f,, way off
than that estimated. Also, on the substrate, only at the rear side of the deposited micro-thread,
there is nano feature formation due to dewetting (dewetting zone in Figure 3.6 (g)) of the locally
diluted liquid thin film of polymer solution adhered to the deposited micro-thread. This film is
of locally diluted due to the immediate deposition of the polymers from the solution as micro-
thread. The presence of these nanostructures explains the reason behind the random contact
angles at the perpendicular orientation. The effect of the nanostructures is averaged out during
the measurement of the contact angle in the direction of the micro-threads as the contact line
runs over multiple micro-threads. These nanoscopic structures inflict metastable states with a
smaller energy barrier that often can be overcome by the slightest energy input or may be
activated by noise.***® The precise estimation of the r and f, is challenging and requires
sophisticated tools and is beyond the scope of the present study. Nevertheless, the experimental
contact angles of water in the direction of the micro-threads (II) on the systematically structured
surface (in the case of PMMA micro-threads) show that by varying the deposition speed, one
can control the wettability of the surface from way above (~ 86°) to much below (~ 68°)
contact angle than the same on flat PMMA surface (~ 75°). This also indicates that there may
be a transition regime or mixed configurations of the different wetting modes i.e. Cassie and/or
Wenzel state. In the direction transverse to the micro-threads (1) (Figure 3.5 (d)), the contact
angle measurement point lies randomly either on a micro-thread, or on the nano structured
PMMA portrusions just behind the deposited thread (‘dewetting zone’ as shown in Figure 3.6
(9) and (b)) or on the Si substrate devoid of any polymer features. As there is no control over
the placement of the contact line, the measured apparent contact angle (L) become random.
This plausible explanation for the non-monotonic nature of contact angle in the transverse
direction (L) is supported by the large standard deviation of the measurement shown in Figure

3.5 (d) (note that, y-axis of Figure 3.5 (d) is much compressed compared to Figure 3.5 (c)).
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Although there are other methods to control the wettability of surfaces such as chemical (by
altering the surface energy) or physical (tuning the surface topography) modification, DCLL
offers fabrication of physicochemical composite surfaces at the mild chemical condition to
manipulate contact angle. This DCLL might be useful where chemical modification is
restricted due to harsh chemical conditions to the sensitive substrate or where physical
modification is limited by the requirement of expensive lithographic tools.

In this discussion, we have shown the possible tuning method of wettability of substrate
in terms of the contact angle of solution. However, in similar condition, contact angle may
differ if we change the concentration of solute into the solution. Change of the concentration
directly affects the viscosity of the solution which changes the surface tension of the liquid.
Eventually, change of the surface tension has the direct effect on the wettability of the surface.
Therefore, viscosity of the solution is also an important parameter for tuning the wettability of
any surface.

3.3.5 Effect of Various Parameters
3.3.5.1 Effect of Gap Distance

In this particular experiment, 5 x 107> gL™! PS in toluene is used to deposit PS
microdroplets on the Si substrate. Figure 3.7 represents the deposited microdrops of PS while
the gap distance (dg) in between the vertical glass slide and Si substrate was maintained within

the range of 214 pm to 43 um. The contact line speed was at 33 pm s~ 2.
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Figure 3.7. Depicts the deposited PS microdrops from toluene at a constant velocity of the
contact line of 33 um s~ when the gap distance dq is fixed at (a) 214 um, (b) 129 pm, (c)
86 um and (d) 43 um. The respective insets represent the magnified images. All scale bars of
primary images and inset images represent 200 pm and 20 pm, respectively. The yellow arrow
to the right side corresponds to the direction of contact line movement.

It is observed that the relatively high gap distance 214 um (Figure 3.7 (a)) to 86 um
(Figure 3.7 (c)) generates ordered deposition of microdroplets compared to the small gap
distance dq of 43 pm (Figure 3.7 (d)). The average diameters of the deposited microdroplets
are 1.83 um (for dg= 214 pm), 1.87 pm (for dg= 129 pm), 4.41 um (for dg = 86 um) and,
1.64 um (for dg = 43 um). The average deposition wavelengths (separation distance between
two adjacent droplets) are 13.13 um, 13.64 pm, 21.93 um and 11.52 um for the dgq of
214 pm, 129 um, 86 um and 43 um, respectively. As the dq decreases, the droplet sizes, as
well as the average wavelengths first increase and then decrease abruptly at dg= 43 um. The
hydrodynamics of the liquid polymer solution is influenced by the dg and thus affect the local
polymer concentration and subsequent deposition of the polymer droplets. Further extensive

investigation is required to fully understand the effect of the gap dg, its inclination angle.[*!!
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3.3.5.2 Effect of Speed of Contact Line

Figure 3.8. Deposited PS microdrops and threads from solution 2 (0.2 mg m1~1PS in toluene)
at a contact line of (a) 100 um s™and (b) 60 pm s~1. (c) depicts deposited PS micro-threads
from cyclohexane (0.2 g L= PS in cyclohexane) at a contact line speed of 60 um s™1. The gap
distance in between the Gillette blade and Si substrate was maintained at ~ 200 pm. The
yellow arrow at the right side corresponds to the direction of contact line movement. All scale
bars represent as 50 pum.

The speed of the contact line (contact line velocity), the evaporation rate of solvent near
the contact line, as well as the accumulation rate of polymer molecules at the contact line
synergistically dictate the deposition pattern of the polymer from DCLL. Figure 3.8 depicts the
deposition of polymer features on Si substrate from a moderate concentration of PS in toluene
at different speeds of the contact line. At a low speed, the time scale of the stick phase of the
contact line is long enough to accumulate sufficient polymer molecules near the contact line to
form a uniform micro-thread. This deposited micro-thread in turns acts as an additional pinning
site that induces the stick phase even longer and the micro-thread accumulates more polymers
(Figure 3.8 (a)). During this process, two things happen: first, due to accumulation of the
polymer on the micro-thread, local polymer concentration depletes in the liquid meniscus, and
second, due to an increase in the time scale of stick-phase (pinning), the liquid meniscus
becomes larger with more mass transfer area to facilitate evaporation of the solvent. This

lowering of the local polymer concentration and the increased evaporation of the solvent induce
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deposition of the micro/nano-droplets on the Si substrate in between two consecutive micro-

thread depositions (Figure 3.8 (a)).

At a higher contact line speed of 100 ums~1, only PS micro/nanodrops due to the
lowering of the pinning duration (almost a continuous slip-phase) was observed (Figure 3.8
(@)). The microdrops were formed near the vicinity of the contact line.
3.3.5.3 Effect of Type of Solvent

The volatility of solvent and the solubility of the polymer in the solvent have an immense
influence on the deposited morphology. Two different types of solutions are prepared by
dissolving PS into two different solvents, toluene and cyclohexane respectively, with a same
concentration of 0.2 gL™. At room temperature, the solubility of the PS in toluene and
cyclohexane are ~ 1.1 x 1073 mol L™, and 3.9 x 10~* mol L%, 14 respectively. Higher
volatility of the cyclohexane and less solubility of the PS in cyclohexane brought about the
undulated micro-threads (Figure 3.8 (c)). At the identical condition of deposition of PS from
toluene, one gets a combination of micro-threads and micro/nanodroplets in between the
threads as discussed earlier (Figure 3.8 (b)). In the case of the PS deposition from cyclohexane,
as the rate of evaporation is relatively fast and the solubility of PS in cyclohexane is less than
that in toluene, the average deposition lengthscale (separation distance between two deposited

micro-threads) is relatively smaller for deposition from cyclohexane than that from toluene.

3.3.5.4 Effect of Polymer Concentration

Figure 3.9. Deposited micro-threads from PS in cyclohexane having concentrations of (a)
0.3gL ! and (b) 0.6 gL™%, at a speed of contact line of 80 ums~1. The gap distance in
between the blade and Si substrate was maintained at ~ 200 um. The yellow arrow at the right
side corresponds to the direction of contact line movement. All scale bars represent 200 um.
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Change of polymer concentration also affects the deposited morphology. Two
concentrated PS solutions, 0.3 gL™! and 0.6 gL™! in cyclohexane, were used to deposit
microfeatures on Si substrate. Keeping all other parameters such as speed of contact line, dg,
and type of solvent (cyclohexane) the same, only concentrations of the polymer were varied
for this study. The deposition of undulated incomplete micro-threads of PS (Figure 3.9 (a)) was
obtained for lower concentration (0.3 g L™1), whereas, uniform straight micro-threads (Figure
3.9 (b)) were obtained from a relatively higher concentration of (0.6 g L™1).

3.3.6 Mechanism of Micro-thread Deposition

The DCLL method described in this work is generic and similar depositions can also be
observed for other polymer/solvent systems such as PMMA/cyclohexane. For a relatively wide
concentration range from 1 g ™! to 2 g L™! and with different contact line speed ranging from
40 um s~ to 100 pm s~ straight micro-thread deposition of PMMA from cyclohexane was
observed. This supports our earlier observations as well. As the deposition of the micro-threads
are relatively straight, one can define the deposition length scale A, as the separation distance
between two consecutive deposited threads. Dividing this A; by contact line speed v gives the
average deposition time scale ;. Next, we will discuss the mechanism of the micro-thread

deposition.

During DCLL the solvents from the solution evaporates faster from the regime close to
the contact line and to replenish the evaporative loss, the solvent along with the solvated
polymer molecules are dragged towards the contact line. !>147] Once the solvent evaporated
from the contact line, the local polymer concentration exceeds a threshold value and phase-
separates at the contact line. Thus, accumulation of the polymer at the contact line takes place

and at the same time, the liquid meniscus gets pinned at the deposited polymers threads. During
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this process as the stage continuously moves, the liquid meniscus get thinner over time. This
process continues until the liquid film get thin enough to rupture and meniscus slips back to
the new pinning position. Thus, stick-clip phenomena of the contact line takes place. Often the
solvent from the thin liquid film evaporates and the thin film dewets to small droplets due to
van der Walls interactions. Thus, the polymer micro/nanodroplets form in between two micro-

threads.

However, assuming the quasi-steady state process of deposition, and neglecting

complication of dewetting phenomena in between the micro-threads, the deposition time scale
) 2 . :
for the micro-threads, ¢4 (= ;), can be estimated as described below.

3.3.6.1 Derivation of the Deposition Time t,
The deposition of the polymer near the contact line is a quasi-steady-state process and is
possible only when the local concentration of the polymer near the contact line is equal or close

to the solubility of the polymer at that temperature.
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Figure 3.10. Schematic of the receding edge of the dragged polymer solution.

Let’s assume a control volume near the contact line (indicated by small red colored

rectangle in Figure 3.10) for this analysis. Near the contact line, the rate of change of polymer

. d . .
concentration, %, depends mainly on the following three factors:
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1) Advective flow of polymer towards the contact line from the bulk polymer solution.
2) Diffusive flow of polymer from the already deposited polymer thread (maximum polymer
concentration), towards the bulk polymer solution (relatively low polymer concentration).
Diffusion towards the opposite direction of the bulk advective flow.
3) Increase in polymer concentration due to depletion of the solvent by evaporation.
Let’s discuss these three contributing factors separately as follows:
3.3.6.1.1 Advective Flow of Polymer
The rate of change of polymer concentration due to the advective flow of the polymer

from bulk to the contact line can be expressed as:

6&~a(vfcp)
STy A B
Here,

C, = Molar concentration of polymer in the bulk,
vy = Bulk flow velocity toward the contact line, (+X direction)

As vy is a function of stage velocity, at steady state, one can assume this advective flow

. . a
is proportional to (vC,). Thus, % = AvC,,

where A is the proportionality constant having unit of m™ and v is the relative velocity
of the contact line with respect to the substrate at non-zero stage velocity, (-X direction). Thus,

one can write:

9Cy
7~AUCP, (33)

3.3.6.1.2 Polymer Diffusion Towards Bulk
At the developing stage of the micro-thread deposition, there will be a diffusive flow
from the surface of the micro-thread (maximum polymer concentration), towards the bulk

polymer solution (Relatively low polymer concentration). For simplicity, we will also assume
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the diffusion of the polymer through the solvent molecule is faster than the dissolution rate of
the polymer micro-thread. This diffusion is in the -x direction and is responsible for the
lowering of the polymer concentration in the control volume, i.e., the polymer is depleting from
the control volume with time. From Fick’s first law of diffusion, one can write the expression
of the molar flux of polymer as follows:

Jp =D, a@%, where D, is the diffusivity (m* s*) of the polymer through the solvent. Here one
point to be noticed is that, in general, Fick’s first law of diffusion is associated with a negative
sign on the right-hand side when the gradient of the concentration, %, Is itself negative. Here
we are considering the flux of the polymer in the negative x-direction (as per Figure 3.10), thus
the gradient of the concentration, aa%, is itself positive. Hence no negative sign is considered.
From the mass balance, one can write,

9%

14
at+

d ] . . ;
f = 0, without considering any polymer generation term in the control volume.

Incorporating the expression of J,, from Fick’s first law, one can write,

% . _p Lo
at P gx2z ' (34)
Diffusion being a slow process, the concentration gradient, for an infinitesimally small

control volume near a solid wall (here the micro-thread), can be approximated as a linear
: .2 . ; : .
function of the x, i.e. % = K,x. Here K, is a phenomenological constant having a unit of mol

m~. Using Taylor series expansion,

ac
2K
ox pX

c Il(x )
P (x — x)? [at xo = 0; ¢, = 1]

cp = Cp(xg) + ¢’ (%) - (x — xp) +

_ . Kp 2
—1+pr x+zx

2
Kpx
!

_ 2
—1+pr + 5
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% o _p L
at P 9x2
2 2, Kpx?
02 (1+Kpx?+—L) o
~ —D, — [Substituting c,]

~ —Dp[0 + 2K, + K, |

~ —3K,D,

~ —K,D,... (3.5)
In comparison to the advective polymer flow towards the micro-thread (contributing factor 1)
and the rate of the increase of polymer concentration due to the solvent evaporation
(contributing factor 3, discussed later), this diffusive backflow is negligible for a concentrated
bulk polymer solution. However, this term can become significant for the dilute bulk polymer
solution.
3.3.6.1.3 Solvent Evaporation
The third contributor to the rate of change of the polymer concentration is proportional to the
evaporation of solvent from the control volume through the meniscus as the mass transfer area.
So, the rate of increase of polymer concentration is directly proportional to the rate of depletion

of the solvent molecules, i.e.

acy aCs
Where, C, is the molar concentration of solvent molecule, and the solvent depletion rate can be

described by the expression

aCs

-5 = aDS(pS—poo);)—o (3.7)

where « is a constant, Dy is the diffusivity (m? s™) of the solvent through ambient air, p is the
vapor pressure of the solvent at the meniscus surface, p., is the vapor pressure of the solvent

far away from the meniscus surface with p; > p., and v, is the relative velocity of contact

line with respect to the substrate at zero stage velocity, (-X direction) and v > v,. The factor

Ui denotes the normalized mass transfer area due to stage velocity.
0
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For a particular concentration, and at a constant temperature, the driving force for solvent
evaporation, (ps — P ), can be assumed constant, and equation (3.7) can be further simplified

to

~Lex KDL . . . .. .. (38

ot Vo
Here, K,(~ ap,) is another phenomenological constant having a unit of mol.m™. Thus, one

can write equation (3.6) as,

% ~ K, Dy 2, U A Y e M FA B

Combining eq. (3.3), (3.5), and (3.9) one can get,

oCy

P Avcp—Kpr+KSDSUiO, e .. .. (310

Integrating eq (3.10), the deposition time, t,;, can be obtained as,

s acp _ta _ . .
fcp [40Cy— 3Ky Dy ks DS%] = fO dt, where S is the solubility of the polymer at the operating
temperature.

1 AvS—3KpDp+Ks Ds%
ta = @ln AvCp—3Kpr+KSDSLl (3.11)
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Figure 3.11. Comparison between experimental and calculated deposition time using eq 3.11.

Using the following constants for PMMA/cyclohexane system

A=35x%x103m™,
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K, =1x10"Mol.m™> ,
Ks; = 6.2 x 103Mol.m™5,
the deposition time scale tq was estimated using eq. 3.11 for different concentrations and speed
of contact line, and compared with the experimental value (Figure 3.11). The agreement
between the experimental and theoretical estimation is quite good considering the experimental

limitation and simplicity of the model.

3.3.7 Complex Patterning

So far, we have discussed the DCLL, its morphological zone diagram, and its application
in tuning hydrophobicity. DCLL opens up a vast new field of micro/nanofabrication with
flexibility. One can use multiple depositions using multiple polymers with the appropriate

choice of mutually exclusive solvents for the polymers.

Deposited PMMA line |

Lol s
> Al i

Deposited PS line

Figure 3.12. (Color online) (a) Optical image represents the deposited complex pattern of
PMMA from toluene (vertical stripes) and PS from cyclohexane (horizontal stripes). Here, the
concentration of PMMA is 1 g L™t and the contact line velocity is 40 um s=1 in DCLL-1, and
in DCLL-2, the concentration of PS is 0.6 gs~! and the contact line velocity is 80 um s™1.
Arrows represent the directions of a moving contact line. (b) Schematic representation of the
sequential run of DCLL-1 using PMMA and DCLL-2 using PS. Figure (c) represents PS micro-
threads obtained by the DCLL technique, transformed into arrays of micro-drops (d) just by
dipping into acetone for 1 min. The scale bar is 50 um.
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The concentration and the contact line speed can be appropriately selected from the
morphological zone diagram (Figure 3.4) as per the design requirement. In this report, we
demonstrate the fabrication of such a complex pattern as shown in Figure 3.12 (a). First,
PMMA was deposited from the toluene solution (concentration ~ 1 g L™1) following DCLL,
on a cleaned Si wafer at a stage speed (contact line speed) of ~ 40 pm s~! (DCLL-1). Perfect
micro-threads with A4 ~ 50 um were obtained. We termed this first deposition as DCLL-1.
The sample was then left for 8 h at ambient conditions for natural drying to remove any excess
solvent present on the surface. This process can be made faster by keeping the sample in a
vacuum desiccator for an hour. Once the solvent was removed, the same sample underwent
DCLL again (DCLL-2) by fixing the sample on the stage orthogonal to the direction of the
DCLL-1. This time, PS was deposited from cyclohexane solution (~ 0.6 g s1) and at a stage
speed of ~80 ums~! to obtain a deposition wavelength of ~ 65 um. The choice of the
concentration and the contact line speed was guided by Figure 3.4 (a). PMMA being insoluble
in cyclohexane, remained undisturbed during DCLL-2. This gives a rectangular pattern of
micro-threads made of PS in one direction and PMMA in the orthogonal direction (Figure 3.7
(@)). A schematic of DCLL-1 and DCLL-2 is depicted in Figure 3.7 (b). By selecting the
mutually exclusive solvent and appropriate polymer concentration and stage speed one can
create more complex patterns with micro-threads or micro-droplets of multiple polymers. For
microdroplets, one can harness solvent-induced dewetting of the micro-threads,®” fabricated
using DCLL. Dipping the sample having micro-threads in an appropriate solvent, almost
instantly the microdroplets can be formed. An example of such transformation of PS micro-
thread to PS micro-droplets by dipping into acetone for 1 min is shown in Figures 3.7 (c) and

3.7 (d).

For this study, we have intentionally chosen common polymers like PS and PMMA for

demonstration purposes, as these polymers offer cost-effective options for versatile properties
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upon infusion of different co-monomers. These polymers can be modified and already find
their use as impact resistance materials, optical glasses, optical filters, microchips, and
microfluidic applications. Along with this, due to their biocompatibility, these polymers are
used for intra-ocular or contact lenses.’8-¢° Meso-patterning with these polymers or their
copolymers, 4611 will help in technological advancement in all these applications.

Nevertheless, the DCLL is generic and applicable for other functional polymers as well.

3.4 Conclusions

In summary, this work reports the following salient features of dynamic contact line
lithography (DCLL):

e Myriads of polymeric meso features such as microdroplets, undulated micro-threads,
straight micro-threads, etc. can be generated using DCLL.

e To fabricate a pattern-on-demand, it is a prerequisite to have a morphological zone diagram.
In this work, we presented the zone diagrams for two polymer/solvent systems to
demonstrate the robustness and predictive generic nature of the same.

e Along with the microscale deposition, nanoscale features were also developed during
DCLL, leading to the one-step hierarchical mesoscale pattern fabrication that vastly
influences the wettability of a surface. For example, the wettability of Si substrate (CA
~ 15°) can be tuned by DCLL from CA ~ 35° to ~ 98° using PS. Thus, the wettability of
a surface can be controlled by proper selection of polymer and tuning the length scale of
deposition.

e The morphological zone diagrams can be a guiding tool to fabricate complex micro patterns
with multiple polymer-solvent combinations that are otherwise challenging to achieve. One

such pattern fabrication using DCLL is demonstrated.
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In contrast to the earlier literature on the evaporative deposition of colloidal
particles,[*+:21-24281 we report the deposition of polymer meso-patterns in this study. Although
there exist very few accounts on polymer deposition in dynamic contact line settings,?"*! to
the best of our knowledge, for the first time, we present the morphological zone diagram which
is of utmost necessity to guide the researchers seeking a desired pattern. Certain process
features such as gap distance between the blade and substrate, blade, and substrate wettability,
etc. may affect the zone diagram. Further investigation in this direction can be an interesting
future research topic. Complex surface texturing using two polymers is demonstrated but this
process can be extended further for more than two polymer systems with desired morphology,
viz. microdroplets or threads or their combinations as desired. The versatile and low-cost
DCLL technique can be employed for meso-patterning with functional materials. This will
open up whole new research opportunities in interface science and its applications in the

advancement of biomedical, %2 sensors, photonics,®*! etc.
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Abstract

Dynamic contact line lithography (DCLL) is generally used for the template-less but
well-ordered deposition of polymer micro/nanostructures from the solution of homopolymer.
DCLL from the blend of several polymers in a common suitable solvent can generate rich
morphologies including nanostructured Janus micro-threads on a surface which might be
challenging to fabricate using any other method. A blend of polystyrene (PS) and poly (methyl

methacrylate) (PMMA) in toluene with different compositions and concentrations are used for

DCLL at a constant contact line speed of 10 um s . Variations of compositions and the overall

concentration of polymer, engender Janus micro-threads to undulated threads and multilayered
micro/nanodroplets of PS/IPMMA. Interestingly, the more soluble PS phase separates first
compared to less soluble PMMA near the contact line due to the enhanced local concentration
of PS during the convective flow of the solvent toward the contact line. This is also verified by
DCLL using PS/IPMMA blend in ethyl acetate as well. In that case, more soluble PMMA
deposits first near the contact line compared to marginally less soluble PS in the solvent.

4.1 Introduction

A homogeneous blend of two dissimilar polymers in a common solvent phase separates
at appropriate thermodynamic conditions dictated by the nature of the polymers, solvent,
compositions, and temperature.[*! This bulk phase separation of such polymer blend may turn
into stable microphase separation in presence of the corresponding block copolymer due to the
surfactant-like behavior of the copolymer. When geometrically confined into a thin film, the
polymer blend alone, or in combination with their corresponding copolymer,®! self assembles
into fascinating micro/nano morphologies. Polymeric phase-separation-induced morphological
evolution has been extensively investigated over the last few years.*1 Controlling the phase

segregated morphology of blend polymer, is challenging. Various avenues to fabricate well-
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ordered micro/nano  morphology like hierarchical,2% core-shell,}-%31  multilayer
deposition,[*4*% or alternative deposited structure,[®171 etc. from multiple polymers are
explored. The motivation to construct these polymeric micro/nanopatterns kindles from
scientific urge as well as from practical applications such as resists,!*® smart adhesives,*°2
optoelectronics,?] magnetic media,?? extraction using carbon-based nanohybrid materials,!?*-

251 substrates for preferential cell proliferation,?8 smart skins,?"%%! etc.

Predominantly, instability of thin-film along with the external perturbations such as
electric field,>%2 temperature,®] or solvent assisted dewetting,*33* etc. engender
micro/nanostructures in soft films. Self-assembly of these random mesoscale features to the
well-ordered patterns guided by a physicochemical template,! or even without a template, 61
is also reported. The phase separation in polymer blends or copolymers provides tools for
further miniaturization of the developed structure. The segregated morphologies of immiscible
polymer blends may be altered by different factors. The effect of film thickness,” and
molecular weight of respective polymers,*8l on phase-separated morphologies are studied
extensively for a common and vastly used blend of polystyrene (PS) and poly (methyl
methacrylate) (PMMA). The composition of PS/PMMA in a blend also dictates the
morphology and the preferential arrangements of the components.*#1 Tanaka et al.
demonstrated that, despite having overall higher surface energy, PMMA tends to self-assemble
at the film surface when low molecular weight PMMA was used, predominantly due to the
smaller conformational entropic penalty.r®® It was also argued that in a PS/PMMA/chloroform
system, due to low solubility of PS in chloroform, PS first phase separates from PS/PMMA
blend, and later PMMA forms a thin layer at the polymer-air interface as PMMA remain
solvated in chloroform for a longer time.l* Thus, along with the compositions of PS/IPMMA
in blend polymer, the surface energy of the underlying substrate is also a crucial factor that

dictates the evolution of micro/nanostructured morphologies.[*¥ It is also found that PMMA
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preferentially wets the SiOx surface, while intermediate surface energy of substrate shows non-
preferential wetting. Here, the intermediate surface energy of substrate refers to that substrate,
whose surface energy lies in between blend components and equally wets by each component.
This type of non-preferential surface, often refers as the “neutral” surface.[*!]

Among the fabrication methods, spin-dewetting is a very rapid technique and widely
adopted for decorating a surface with nanoscale structures.[>81642-44 Apart from that, dip-
coating lithography, ! physicochemical template guided deposition/ dewetting,["1316:46-50]
external electric field mediated assembly,®5521 are also promising techniques to craft
fascinating intricate features on the soft polymer surface. Alternate arrays of PS-PMMA
mesoscale features can be fabricated by sequential spin dewetting on a pre-patterned
substrate.[*®! Also exploiting the H-bond and phase separation of the components of block
copolymers, precise control of the nanoscale arrangement of the different polymeric blocks is
also achieved earlier.[*’l Evaporative deposition from dynamic meniscus of polymer solution
creates myriad structures with the appropriate tuning of polymer concentration and speed of
deposition.[®® In chapter 3, we demonstrated templateless mesoscale threads or droplets of
homopolymer using dynamic contact line lithography (DCLL).6l In that article, a
morphological phase diagram to predict the deposited morphology on a Si/glass substrate was
reported. Sequential DCLL with different polymers in appropriate solvent resulted in a
decorated surface with multiple polymeric threads. What is still not explored extensively is the
facile fabrication method for the micro/nanostructures comprising of multiple polymers of

different kinds in a well-defined arrangement having close proximity with short-range order.

In the present study, we demonstrate for the first time, the fabrication of well-ordered
‘Janus’ micro-threads and nanodroplets comprising of PS and PMMA, placed adjacent to each
other using the DCLL method (Figure 4.1), without any physico-chemical guidance or without

using any conventional lithography process. The term ‘Janus’ signifies a double-faceted
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structure with two different polymers. The effects of overall polymer concentration and the
PS/PMMA blend composition on the morphology of deposited patterns are studied. Switching
of the relative positions of PS-PMMA in a Janus micro-thread is also demonstrated while
deposited from an appropriately chosen solvent. This unique methodology to generate Janus
micro-threads and micro/nano-droplets is generic and this will open up the new window of the
fabrication process for the seemingly complex micro/nanostructures in an easy and accessible
manner. This process may be appropriately tuned for desired large area micro/nanopatterning
for industrial applications. The term ‘Janus’ is used here to refer to the side-by-side deposition

of two dissimilar polymers in a single entity just like a two-faced structure.

a

Controller
Substrate

Goniometer
Motorized
stage

Direction of
stage movement

Cross sectlon view

> v

Contact line direction

Figure 4.1. (a) A schematic of the experimental setup for Dynamic Contact Line Lithography
(DCLL) and deposition of Janus PS/PMMA micro-thread from the blend solution in toluene.
The fixed blade drags the PS/PMMA blend solution meniscus on the precisely controlled
moving substrate to form periodically deposited Janus micro-threads. (b) Magnified schematic
of Janus micro-thread.
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4.2 Materials and Methods

4.2.1 Solution Preparation

The solutions of three different concentrations of PS/PMMA blend, 1g L™, 0.1g L™,

0.01¢ L™ were prepared by dissolving the polymers in toluene to fabricate line, undulated-
line, and micro/nanodrop structured surfaces, respectively using DCLL.® Combinations of
polymer concentration and the average contact line velocity (opposite to stage velocity), can
be selected based on the desired feature on the silicon substrate. The guidelines for the choice
of the parameters are discussed in detail in our earlier report.[*¥ The composition of PS and
PMMA was varied in the blend by mixing PS and PMMA solution in 1:3, 1:1, and 3:1
weight ratios. Both the polymers, PS (MW ~ 192,000, purity: 99 %, CAS No.: 9003-53-6) and
PMMA (MW ~ 120,000, purity: 99 %, CAS No.: 9011-14-7) were purchased from Sigma
Aldrich India as pelleted form and were used as procured without any modification. The
solvent, toluene (rectified, purity: 99 %, CAS No.: 108-88-3) and ethyl acetate (extra pure,

purity: 99.5 %, CAS No.: 141-78-6) was purchased from Loba Chemie India.

The solubility of PS and PMMA was determined by allowing the respective polymers to
dissolve individually up to saturation point, into 2 ml of solvents (toluene and ethyl acetate)

with vigorous stirring. The process was performed at a room temperature of 25°C.

4.2.2 Substrate

A p-type one-sided polished silicon wafer with an orientation of <100>, was used as a

substrate to deposit polymers from the dynamic contact line. The silicon wafer was provided
by Macwin India. Prior to the experiment, silicon substrates were cut into rectangular pieces

of 1cmx2 cm and were cleaned in Piranha solution, a mixture of concentrated sulphuric acid

(98 %) and hydrogen peroxide, ina 7:3(V/ V) ratio. Later, the substrates were cleaned with
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the flow of a copious amount of de-ionized water. The cleaned substrates were stored

underwater and were dried in the flow of nitrogen gas just before the DCLL experiment.
4.2.3 Dynamic Contact Line Lithography (DCLL)

The details of the DCLL have been discussed elsewhere.® Briefly, the silicon substrate
was placed horizontally, on a custom-made unidirectional movable stage (motorized stage from
Holmarc, India) (Figure 4.1). A stainless-steel blade (Gillette, India) was kept perpendicular to

the silicon substrate by maintaining a narrow gap distance of ~ 200 um. 20 pi of the polymer

blend solution was dispensed into the gap and the solution was arrested in between the vertical
blade and horizontal substrate due to the capillary force. After dispensing, the Si substrate along
with the stage was driven at a constant velocity while the vertical blade was kept stationary.
The solution was dragged by the blade on the moving substrate. As the stage moved, the contact
line of the polymer solution was dragged in the opposite direction with an average velocity, the
magnitude of which was identical to that of the stage velocity. So, the stage velocity can be

assumed as the average contact line (CL) speed. The contact line speed for all the experiments

described here was maintained at 10 um s . Pinning at the receding contact line, formation of
a thin liquid meniscus, and evaporation of solvent synchronize together to form polymer micro-
threads. The relative solubility difference of PS and PMMA in toluene gives rise to the periodic
Janus micro-threads on the substrate. The room temperature was maintained at 25°C and the
relative humidity was at 68+2 % during the experiment. The effect of a slight variation of
temperature and relative humidity on the pattern formation was negligible. After deposition of
the polymeric structure, the substrate was kept in a vacuum desiccator for 24 h before further

characterization.

4.2.4 Characterization
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The topography of the deposited polymer features was characterized by atomic force
microscopy (AFM, Bruker, Innova series, Germany) in tapping mode, and light reflected
optical microscopy (Axio Scope.Al MAT HAL 100, Carl Zeiss Microscopy, Germany) was
used to capture the bright field optical image. Generally, from the AFM phase images, PS and
PMMA should be recognized. However, due to rough topography, especially at the trailing
edge of the threads, the phase images were not much conclusive. So, we resorted to a selective
solvent treatment approach (discussed later) to detect the different polymeric domains. A
Raman spectroscopic analysis (Horiba Jobin Vyon, LabRam HR, France) was also performed
to support the outcome from selective solvent treatment. Whereas the AFM and optical images
were indicating the morphology of the deposited structure, the Raman analysis confirmed the

specific positions of the individual polymers within those structures.

4.2.5 Selective Solvent Treatment

Micro/nanostructures of PS-PMMA fabricated using DCLL on Si substrates were treated
with cyclohexane and acetic acid separately. Cyclohexane, being a good solvent for PS and
non-solvent for PMMA, selectively dissolves the PS from the features of mixed polymers.
Similarly, acetic acid dissolves PMMA keeping PS morphology intact. For the selective solvent
treatment, substrates were immersed in the appropriate solvent for 2 h and then dried in a
mild flow of nitrogen stream. The samples were then kept in a vacuum desiccator for 6 h

before further characterization using AFM and Raman spectroscopic analysis.

At least 4 samples were prepared by the DCLL method for each combination of polymer
blend composition and contact line velocity to check the repeatability. These samples were
characterized by optical microscopy and AFM in each stage of morphological evolution. To

ensure the position and morphology of the deposited PS and PMMA, these characterizations
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were performed at least 4 different places on each sample, before and after the selective solvent

treatment.

4.3 Results and Discussion

Figure 4.2. The first column (a, d, g) depicts AFM images of the deposited morphology from
PS/PMMA blend polymer solution having the composition of 1:3, 1:1, and 3:1 (PS :
PMMA) respectively. The second (b, e, h) and the third (c, f, i) columns represent
corresponding remnant PMMA and PS after selective etching of polymer by washing with
cyclohexane (good solvent for PS) and acetic acid (solvent for PMMA), respectively. In all the
cases, the overall polymer concentration is 1 g L™ and the arrow represents the direction of
contact line motion.

Three different overall concentrations of blend polymers: 1gL™*, 0.1gL" | and

0.01g L™ were used to fabricate the deposited structures using DCLL and we investigated 3

different blend compositions with PS/PMMA weight ratios 1:3, 1:1, and 3:1 in each
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concentration. Figure 4.2 shows the AFM images of the micro-threads formed by the DCLL

using 19 L polymer concentration and at the average contact line speed of 10 um s

Changing the speed to 40 pm 57 slightly change the morphology of the Janus structure with

reduced undulation as indicated by the phase diagram reported in our earlier report.*81 The

average width of the threads is ~ 25+ 3 um, and the periodicity of the deposition is of
~51.5+2 um. The morphology of the Janus threads is significantly influenced by the

composition ratio. With 75 % PMMA, each thread starts with a relatively smooth PS rich
domain (width ~4+15um ) followed by the PMMA rich labyrinth section (width
~21+2 um) (Figure 4.2 (a)). The major part of the thread however is comprised of
interconnected labyrinth-like PMMA structures (labyrinth domain) having cavities filled with
PS. The selective solvent etching with cyclohexane (to remove PS from the morphology)
(Figure 4.2 (b)) and acetic acid (to remove PMMA) (Figure 4.2 (c)) depicts the precise position
of the PS and PMMA on the thread-like pattern. From the AFM images of the selective solvent
etched samples, it is evident that for the PS: PMMA composition of 1:1 as well, the front
slope of the Janus thread is comprised of a relatively smooth PS rich domain and the back slope
is forming PMMA rich labyrinth structures, similar to that of the composition of PS: PMMA ::
1:3, only with relatively wider front PS slope. A similar trend is observed for the

interconnected droplets obtained from the solution having PS: PMMA ratio of 3:1.
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Figure 4.3. Raman spectra of the deposited micro-threads (a, d, g) and the same after selective
solvent etching of the deposited morphology with cyclohexane (b, e, h) and acetic acid (c, f, i).

In all the cases, the overall polymer concentration is 1 g L™ ™.

The precise location of the component polymers and the composition of the threads or
connected droplets was further confirmed at each stage by Raman spectroscopy (Figure 4.3).
PMMA has the most prominent Raman peak at 2957 cm™ which is featured by the vibration
of C-H stretching.®! This is observed only for all the as-deposited samples (Figure 4.3 (a), (d),
(9)) and the samples after washing with cyclohexane (Figure 4.3 (b), (e), (h)). On the other
hand, PS demonstrates three of its characteristic peaks between 3200—2800 cm™. The
vibrations of tertiary CH stretching and CHz stretching of the aliphatic group and CH stretching
of the aromatic ring are observed at 2900 cm™, 2852 cm™ and 3050 cm™, respectively.*%!

All these Raman bands are observed in as-deposited samples (Figure 4.3 (a), (d), (g)) and the
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samples after acetic acid treatment (Figure 4.3 (c), (f), (i)). In the case of, PS/PMMA blend
ratio 1: 3, it is quite evident that the PMMA peak is stronger than PS (Figure 4.3 (a)), which
is expected due to the higher concentration of PMMA. As the PMMA fraction decreases (for
PS: PMMA ratio of 1:1 and 3:1) the intensity of PMMA peak in comparison to PS decreases
(Figure 4.3 (d), (9)). These results along with the AFM (Figure 4.2) images support the precise

location of the component polymers.

For the blend composition of PS: PMMA :: 1:1, the relatively smooth PS domain at the
front slope is increased to width ~ 10 +1.2 um, and PMMA labyrinth domain is decreased to
width ~15+1.9 um. A schematic representation of the Janus thread deposited from DCLL
is illustrated in Figure 4.1 (b). Blend compositions having a higher fraction of PMMA (PS:
PMMA = 1:3, Figure 4.2 (a)) or at least equal to PS (PS: PMMA = 1:1, Figure 4.2 (d)) have
more tendency to form a relatively straight lines/thread-like pattern compared to the blend
having PS in higher fraction (PS: PMMA = 3:1), in which case, undulated lines having nearly

isolated hemispherical polymer droplets (Figure 4.2 (g)) are observed.

1200

: g 1200 T i 1200 :
a PS/PMMA = 1:3 b PS/PMMA =1:1 c PS/PMMA = 3:1

200 [l Before treatment - 900 [l Before treatment 900 I Before treatment
B [T After CH treatment T [ After CH treatment 5 [ After CH treatment
g g £ c00- ]
£ 600 £ o0 £ 600
= = =
o p=y =2
£ 300 £ 300 £ 300

0 0
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1] 10 20 0 10 20 1] 10 20
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Figure 4.4. Depict the line scans of AFM images at the central region of the PMMA enriched
labyrinth domain parallel to the axis of the micro-threads from PS/PMMA blend ratio 1: 3 (a)
and 1:1 (b) with an overall concentration of 1 g L. (c) denotes the line scan of the AFM
images of the hemispherical droplets formed in DCLL from PS: PMMA blend ratio 3:1. In
all three cases, before and after cyclohexane washing (CH treatment) is represented by the red

and cyan colors respectively. Cyan color thus represents the morphology of the remnant
PMMA on the surface.
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The width of the PS rich domain and the PMMA labyrinth domain was validated from
the line scan of the samples after selective etching of PS as well. Line scans from the AFM
images at the middle of the labyrinth domain and parallel to the axis of the threads verify the
presence of PS into the cavities of the PMMA labyrinth (Figure 4.4). The depth of the pits
(Figure 4.4 (a) — (c), red area) eventually increases after cyclohexane treatment (Figure 4.4 (a)

—(€), cyan area).

Figure 4.5. The first column represents AFM images of deposited morphology from
PS/PMMA blend having compositions PS: PMMA ratio 1:3 (a), 1:1 (d), and 3:1 (g) with

the overall polymer concentration of 0.1 L™ The second (b, e, h) and the third (c, f, 1)

columns represent corresponding remnant PMMA and PS after washing with cyclohexane and
acetic acid, respectively. The arrow represents the direction of the contact line motion.
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For the overall polymer concentration of 0.1 L_l, the undulated polymer threads of

PS/IPMMA, deposited by DCLL, are shown in Figure 4.5. Similar to the higher concentration,
for this case also, the deposition of PS and PMMA rich domains are at the front and rear slope
of the undulated thread respectively. In contrast to the labyrinth of PMMA observed in the case
of a higher concentration, mostly nano-threads of PMMA along with the spikes of PS were
formed at low concentrations (Figure 4.5). We suspect that some patchy thin layer of PS
underlayer might be formed. While washing with cyclohexane, some amount of bulk PMMA

was also removed from the system due to the etching of the PS underlayer.

A%, Before solvent After cyclohexane After acetic acid
o Lo treatment treatment treatment

- ‘ TR m, 88
W | 1.92

1:3 Q1.5 - . — 1.5
T P . 0.96|

. j ' 0p

f

282|
188

0 nm 350 700 0 Jonm Onm 350 700 ©

Figure 4.6. The first column represents AFM images of deposited composite
micro/nanodroplets from PS/PMMA blend having compositions PS:PMMA ratio 1:3 (a),

1:1 (d), and 3:1 (g) with the overall polymer concentration of 0.019 L™, The schematic

representations of the plausible PS/PMMA arrangement inside the droplets are depicted as
insets (az, d1, and g1). The second (b, e, h) and the third (c, f, i) columns represent corresponding
remnant PMMA and PS after washing with cyclohexane and acetic acid, respectively. Inset
Figure b1 shows nanoring-like structures of PMMA after washing with cyclohexane. The
arrows represent the direction of the contact line motion.
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Further reduction of the overall concentration of PS/PMMA blend polymer to 0.01g L™
generated micro/nano drops of size ~500 nm to 1.5 um by DCLL (Figure 4.6). After washing

with cyclohexane (Figure 4.6 (b)), a cluster of finner PMMA nanodroplets having diameters of
the order of ~ 100 nm was revealed. Around the periphery of the cluster, randomly distributed
nanoring-like structures (Figure 4.6 (b1)) of PMMA with an outer and inner diameter of

~147 nm and ~ 75 nm respectively, were found.

After washing with acetic acid (Figure 4.6 (c)), nanodroplets of PS having diameters of
~ 54 — 79 nm were observed. This suggests two things about the morphology of the polymer
structures: first, there are patches of PS and PMMA rich thin layers within the droplets (as the
bulk of the materials is washed off separately by cyclohexane and acetic acid), and second, the
underlayer structures consist of the nanodroplets of PS surrounded by PMMA rim similar to
which is reported earlier for relatively thicker films.! As the percentage of the PS increased to
75 %, apparently a twin droplet made of one relatively bigger PS (width ~ 472 nm) and one
smaller PMMA droplet (width ~236 nm) (Figure 4.6 (g) — (i)), was formed and both the
droplets were covered by a thin layer of PS sheet. The PS droplet was deposited first in front
of the PMMA droplet. PMMA droplet covered with PS sheet appeared as a core-shell-like

structure on Si substrate.

1st Before solvent 2nd After acetic acid 3rd After cyclohexane
treatment treatment treatment
a b c
nm
51
34
2
17
0

0um

Figure 4.7. (a) AFM images of the PS/PMMA composite micro-drop deposited by DCLL from

0.01g L blend solution having PS: PMMA 1:1 (same as Figure 4.6 (d)). After washing the

same droplet with acetic acid PMMA is removed (b) (same as Figure 4.6 (f)). The same acetic
acid washed droplet, when subsequently treated with cyclohexane to remove the PS, the
underlying nanoscale PMMA structures are revealed (c).
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To confirm the patchy multilayers of PS/PMMA inside the droplet with 1:1 PS/PMMA
composition (Figure 4.6(d)), after the first washing with acetic acid, the same sample was
subsequently washed with cyclohexane and it was found that the obtained structure diminished
in size (both in height and in width) progressively at different stages of subsequent washing
with different solvents (Figure 4.7 (a) — (c)). At the first stage, PMMA was removed from the
parent droplet (height ~162 nm) (Figure 4.7 (a)) and multiple smaller polymer droplets of
height ~126 nm were revealed (Figure 4.7 (b)), and at the second stage of washing with
cyclohexane, PS was removed revealing the further smaller structures of PMMA (Figure 4.7
(c)) with the height of ~ 60 nm. This reveals that the patchy multilayers are covered by the PS
sheets and form smaller droplets inside the bigger parent droplet (see inset of Figure 4.6 (d)).
It is noticed that PMMA typically tends to form the base layer for the composition PS/PMMA
having ratios 1:3 and 1:1, due to the higher affinity towards silicon dioxide layer! and

above this base PMMA, multilayer formation takes place.

One interesting fact is that although the solubility of the PS in toluene (
~1.1x10° moles LX) is higher than that of PMMA (~ 5.8x10“ moles L*),*® (see
Appendix-1, Figure S1) the deposition of Janus threads or droplets starts with the phase
separation and deposition of higher soluble PS rather than less soluble PMMA. This non-
intuitive behavior of the deposition from a blend near a three-phase (substrate/blend
solution/air) contact line differs from the usual bulk phase separation. As the rate of the
evaporation of the solvent (toluene) near the contact line is higher than that of liquid meniscus
away from the contact line,®®57 the solvent from bulk, flows toward the contact line to
replenish the solvent due to evaporation. It may plausible that as the PS molecules are more
solvated by toluene compared to PMMA, the PS molecules are hauled along with the

convective flow of toluene toward the thin liquid film formed near the contact line. Thus, the
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local concentration of the PS increases near the contact line, and PS-rich polymeric domain
deposits at the front slope of the thread at the beginning of droplet deposition. A schematic of

this mechanism is depicted in Figure 4.8 (a) — (c).

30 Blank at front slope Al

M) u._«_v}ﬁm‘g\:? Pl 14

Figure 4.8. (a) Schematic of a plausible mechanism of the more soluble PS deposition at the
contact line. More soluble PS (A, red) molecules are solvated in toluene (T, black) and
preferentially dragged toward the contact line to replenish the evaporative loss of solvent (b).
This leads to PS accumulation to the front side and the less solvated PMMA (B, purple)
accumulation to the backside of the deposited features (c). (d) Optical microscope image of
deposited micro-thread from PS/PMMA blend polymer solution in ethyl acetate having PS:

PMMA ratio of 1:1 and overall concentration of 10 L™, selective solvent etching with

cyclohexane and acetic acid leave remnant PMMA (e) and PS (f) respectively. PMMA being
more soluble in ethyl acetate, deposits at the front slope in this case. The yellow arrow shows
the direction of the contact line movement. All the scale bars represent 10 um .

To validate this hypothesis, a DCLL was performed with 1:1 PS/PMMA blend solution

in ethyl acetate (extra pure, purity: 99.5 %, CAS No.: 141-78-6, Loba Chemie) having 19 Lt

overall polymer concentration at an identical condition of the other experiments. In this case,
as the solubility of PS (~1.9x10°° moles L") is less than the solubility of PMMA (

~2.2x107° moles L) in ethyl acetate, the more soluble PMMA was deposited first at the
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contact line, thus resulting in Janus thread with a front slope of PMMA and back slope of PS
(Figure 4.8 (d)). The PMMA and PS-rich domains in the thread were confirmed by selective
solvent etching of the component polymers (Figure 4.8 (e), (). Also, as Ethyl Acetate is more
volatile than toluene (Vapor pressure of toluene and ethyl acetate are 4.27x10° Pa and
1.24x10* Pa at the temperature of 25°C 8 respectively), PS does phase separate from the
bulk as well thus forming random PS depositions throughout the surface, which is removed in

cyclohexane treatment (Figure 4.8 (e)).
4.4 Conclusions

In summary, we have demonstrated a novel pathway for fabricating Janus micro-thread
or micro/nanodroplets of PS/PMMA composite polymers by DCLL, without any physico-
chemical guidance. The morphology of deposited lines differs with the variation of PS/PMMA
compositions in the blend. Blend having a relatively higher fraction of PMMA (1:3 or 1:1
PS/PMMA ratio) tends to form micro-threads in opposed to low PMMA fraction (3:1

PS/PMMA ratio) where almost isolated hemispherical composite microdroplets are found at a

3 -1 . .
polymer concentration of 19 L. Decreasing polymer concentration tends to form more

micro/nanoscale droplets of multi-layered composite polymers or Janus/core-shell
microdroplets. Interestingly, it is found that from a polymer blend solution, a more soluble
component polymer phase separates first at the contact line due to the higher local

concentration of that polymer, which is non-intuitive.

A simple template-less technique to fabricate composite Janus polymeric structures
without any sophisticated high-end expensive instrument is presented in this report. Micro-
threads or lines/undulated lines generated by this technique can be used in tissue
engineering.® Due to the larger surface-to-volume ratio, undulated microstructure and

nanodroplets can be used for the enhanced vyield in any surface-specific reactions or in
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patterned microreactors,®° micro-batteries,[®*%% or in optofluidic devices.[®® This technique
has huge potential in surface modifications often required for multiple applications, % such
as dual responsive bio-sensors,® organic electronics,®1 flexible displays,[®® etc. Future
research in this direction with functional polymers or smart polymers will open up new

pathways to revolutionize miniaturized sensor or diagnostic technology.

TH-3056_166107028



Chapter 4 / Janus Micro-thread to Micro-nanodroplets / 101

References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]

[14]

[15]
[16]
[17]

[18]

[19]
[20]
[21]

[22]
[23]
[24]

[25]
[26]

F. S. Bates, Science (80-.). 1991, 251, 898.

S. Roy, A. Sharma, J. Colloid Interface Sci. 2015, 449, 215.

A. Pandey, K. Murmu, P. S. Gooh Pattader, RSC Adv. 2021, 11, 10183.

H. Ogawa, T. Kanaya, K. Nshida, G. Matsuba, Polymer (Guildf). 2008, 49, 2553.
B. Z. Newby, R. J. Composto, Macromolecules 2000, 33, 3274.

L. Sung, A. Karim, J. F. Douglas, C. C. Han, Phys. Rev. Lett. 1996, 76, 4368.

M. Boltau, S. Walheim, J. Mlynek, G. Krausch, U. Steiner, Nature 1998, 391, 877.
T. Liu, R. Ozisik, R. W. Siegel, Thin Solid Films 2007, 515, 2965.

L. Fang, M. Wei, C. Barry, J. Mead, Macromolecules 2010, 43, 9747.

C. W. Wang, M. G. Moffitt, Chem. Mater. 2005, 17, 3871.

D. Bandyopadhyay, A. Sharma, C. Rastogi, Langmuir 2008, 24, 14048.

D. Bandyopadhyay, A. Sharma, J. Phys. Chem. C 2010, 114, 2237.

S. Roy, D. Biswas, N. Salunke, A. Das, P. Vutukuri, R. Singh, R. Mukherjee,
Macromolecules 2013, 46, 935.

C. Ton-That, A. G. Shard, D. O. H. Teare, R. H. Bradley, Polymer (Guildf). 2001, 42,
1121.

C. Ton-That, A. . Shard, R. . Bradley, Polymer (Guildf). 2002, 43, 4973.
N. Bhandaru, A. Das, N. Salunke, R. Mukherjee, Nano Lett. 2014, 14, 7009.

C. Tang, E. M. Lennon, G. H. Fredrickson, E. J. Kramer, C. J. Hawker, Science (80-. ).
2008, 322, 429.

A. Pandey, S. Maity, K. Murmu, S. Middya, D. Bandyopadhyay, P. S. Gooh Pattader,
Nanotechnology 2021, 32, 285302.

H. Lee, B. P. Lee, P. B. Messersmith, Nature 2007, 448, 338.
X.-Q. Dou, D. Zhang, C. Feng, L. Jiang, ACS Nano 2015, 9, 10664.

K.-H. Yim, W. J. Doherty, W. R. Salaneck, C. E. Murphy, R. H. Friend, J.-S. Kim,
Nano Lett. 2010, 10, 385.

B. D. Terris, T. Thomson, G. Hu, Microsyst. Technol. 2006, 13, 189.
T. D. Minh, B.-K. Lee, M.-T. Nguyen-Le, J. Environ. Manage. 2018, 209, 452.

H. T. Ha, T. D. Minh, H. M. Nguyet, A. K. Sharma, Korean J. Chem. Eng. 2021, 38,
22.

T. D. Minh, B. Lee, Environ. Sci. Pollut. Res. 2018, 25, 21901.
J. J. Norman, T. A. Desai, Ann. Biomed. Eng. 2006, 34, 89.

TH-3056_166107028



[27]

[28]
[29]

[30]
[31]

[32]

[33]
[34]

[35]
[36]

[37]
[38]
[39]
[40]
[41]

[42]
[43]

[44]
[45]
[46]

[47]

[48]
[49]
[50]
[51]

Chapter 4 / Janus Micro-thread to Micro-nanodroplets / 102

T. Maitra, C. Antonini, M. Auf der Mauer, C. Stamatopoulos, M. K. Tiwari, D.
Poulikakos, Nanoscale 2014, 6, 8710.

J. B. Boreyko, C.-H. Chen, Phys. Rev. Lett. 2009, 103, 184501.

P. Roy, R. Mukherjee, D. Bandyopadhyay, P. S. Gooh Pattader, Nanoscale 2019, 11,
16523.

P. Roy, P. S. Gooh Pattader, Bull. Mater. Sci. 2020, 43, 1609.

M. D. Morariu, N. E. Voicu, E. Schéaffer, Z. Lin, T. P. Russell, U. Steiner, Nat. Mater.
2003, 2, 48.

N. Arun, A. Sharma, P. S. G. Pattader, I. Banerjee, H. M. Dixit, K. S. Narayan, Phys.
Rev. Lett. 2009, 102, 254502.

S. Zhang, T. Shi, J. You, Y. Li, Polym. Chem. 2013, 4, 3943.

N. Bhandaru, P. S. Goohpattader, D. Faruqui, R. Mukherjee, A. Sharma, Langmuir
2015, 31, 3203.

J. Aizenberg, P. V. Braun, P. Wiltzius, Phys. Rev. Lett. 2000, 84, 2997.

K. Murmu, K. P. Burgula, P. S. Gooh Pattader, J. Colloid Interface Sci. 2021, 601,
156.

K. Tanaka, A. Takahara, T. Kajiyama, Macromolecules 1996, 29, 3232.

K. Tanaka, A. Takahara, T. Kajiyama, Macromolecules 1998, 31, 863.

S. Ravati, B. D. Favis, Polymer (Guildf). 2010, 51, 4547.

Y. Deng, C. Yu, P. Wongwiwattana, N. L. Thomas, J. Polym. Environ. 2018, 26, 3802.

D. U. Ahn, Z. Wang, I. P. Campbell, M. P. Stoykovich, Y. Ding, Polymer (Guildf).
2012, 53, 4187.

K. H.Wu, S. Y. Lu, H. L. Chen, Langmuir 2006, 22, 8029.

S. Walheim, M. Béltau, J. Mlynek, G. Krausch, U. Steiner, Macromolecules 1997, 30,
4995.

S. Y. Heriot, R. A. L. Jones, Nat. Mater. 2005, 4, 782.
S. Reich, Y. Cohen, J. Polym. Sci. Polym. Phys. Ed. 1981, 19, 1255.

X. Liu, N. Bhandaru, M. Banik, X. Wang, A. M. Al-Enizi, A. Karim, R. Mukherjee,
ACS Omega 2018, 3, 2161.

D. Gentili, G. Foschi, F. Valle, M. Cavallini, F. Biscarini, Chem. Soc. Rev. 2012, 41,
4430.

K. Kargupta, A. Sharma, Phys. Rev. Lett. 2001, 86, 4536.
A. Sehgal, V. Ferreiro, J. F. Douglas, E. J. Amis, A. Karim, Langmuir 2002, 18, 7041.
R. Mukherjee, D. Bandyopadhyay, A. Sharma, Soft Matter 2008, 4, 2086.

M. D. Dickey, S. Gupta, K. A. Leach, E. Collister, C. G. Willson, T. P. Russell,
Langmuir 2006, 22, 4315.

TH-3056_166107028



[52]

[53]
[54]

[55]

[56]

[57]
[58]
[59]

[60]
[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

Chapter 4 / Janus Micro-thread to Micro-nanodroplets / 103

P. S. G. Pattader, I. Banerjee, A. Sharma, D. Bandyopadhyay, Adv. Funct. Mater.
2011, 21, 324.

H. Yabu, M. Shimomura, Adv. Funct. Mater. 2005, 15, 575.

A. D. Curtis, A. R. Calchera, M. C. Asplund, J. E. Patterson, Vib. Spectrosc. 2013, 68,
71.

N. Brun, I. Youssef, M.-C. Chevrel, D. Chapron, C. Schrauwen, S. Hoppe, P. Bourson,
A. Durand, J. Raman Spectrosc. 2013, 44, 909.

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, T. A. Witten, Nature
1997, 389, 827.

P. Gogoi, A. Chattopadhyay, P. S. Gooh Pattader, J. Phys. Chem. B 2020, 124, 11530.
M. Gonuguntla, A. Sharma, Langmuir 2004, 20, 3456.

M. P. O’Brien, M. E. Carnes, R. L. Page, G. R. Gaudette, G. D. Pins, Curr. Stem Cell
Reports 2016, 2, 147.

K. Kusakabe, S. Morooka, H. Maeda, Korean J. Chem. Eng. 2001, 18, 271.
J. Ni, A. Dai, Y. Yuan, L. Li, J. Lu, Matter 2020, 2, 1366.

M. Nasreldin, R. Delattre, C. Calmes, M. Ramuz, V. A. Sugiawati, S. Maria, J.-L. de
B. de la Tocnaye, T. Djenizian, Energy Storage Mater. 2020, 33, 108.

W. Menz, S. Dimov, B. Fillon, Eds. , in 4M 2006 - Second Int. Conf. Multi-Material
Micro Manuf., Elsevier, Oxford, 2006, pp. iiii.

J. L. Wu, F. C. Chen, Y. S. Hsiao, F. C. Chien, P. Chen, C. H. Kuo, M. H. Huang, C.
S. Hsu, ACS Nano 2011, 5, 959.

S. Dayal, N. Kopidakis, D. C. Olson, D. S. Ginley, G. Rumbles, Nano Lett. 2010, 10,
239.

H. Chen, S. Shao, Y. Yu, Y. Huang, X. Zhu, S. Zhang, J. Fan, G. Y. Yin, B. Chi, M.
Wan, C. Mao, Anal. Chim. Acta 2020, 1093, 131.

L. Li, C. Miesch, P. K. Sudeep, A. C. Balazs, T. Emrick, T. P. Russell, R. C. Hayward,
Nano Lett. 2011, 11, 1997.

K. Galatsis, K. L. Wang, M. Ozkan, C. S. Ozkan, Y. Huang, J. P. Chang, H. G.
Monbougquette, Y. Chen, P. Nealey, Y. Botros, Adv. Mater. 2010, 22, 769.

TH-3056_166107028



Chapter 5

Solvent Assisted Dewetting
of PMMA Thin Film and PS
Micro-threads: Fabricated by
Dynamic Contact Line
Lithography

TH-3056_166107028



Chapter 5 / Solvent assisted dewetting / 105

This page is left blank intentionally

TH-3056_166107028



Chapter 5 / Solvent assisted dewetting / 106

Abstract

A cost-effective fabrication method is demonstrated here to fabricate ordered complex
architecture in meso/microscale on a glass surface. The complex structure contains two
different polymer components, polystyrene and poly (methyl methacrylate). The method is
generic in nature and facilitates on-demand partial or complete dewetted structures to modify
the top surface with the help of selective or common solvent vapor treatment, respectively. The
dewetted structures by solvent vapor treatment (selective/common) are also compared with
thermally dewetted morphology. The topography mainly comprises dewetted meso/
microdroplets of a homopolymer or multiple polymers, where multi-polymer droplets exhibit
core-shell structures. The obtained morphologies by solvent and thermal treatment are
characterized by optical and atomic force microscopy. A Raman spectroscopy is also
performed to identify the particular locations of the polymers after treatment. Transitions of a

dewetting process during thermal and solvent treatment are also reported.
5.1 Introduction

The growing demand for micro/nano featured morphology of blend polymer into various
technological applications, for example, as a resist in lithography,*? antireflective coating in
flexible photovoltaics,®> or in microelectronic industry, optoelectronic industry,[’-%
structure-directing agents to fabricate highly ordered micro/nanoscale featured patterns, 03l
bio-inspired self-cleaning surfaces,**® smart adhesives,**? smart skins,?*?21 magnetic
media,[?-%] and substrates for preferential cell proliferation,?® etc. are well known. Due to the
polymeric phase-separated morphology in micro/nano scale, the blend polymer into various
technological applications has been comprehensively investigated over the last few years.[?”-
321 Several important properties like enhanced roughness of a surface, or well-ordered patterned

surfaces, related to the surface chemistry of polymer blend, are advantageous from a
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technological point of view. The fabrication of micro/nano features such as core-shell, 233
hierarchical, 2% multilayer deposition,[*24°42] alternative deposited structure,*?#4 or 0D,
1D, 2D, and 3D nano-gyroid featured,“®! etc. are substantially dictated by the phase separation
of polymers. In general, the initial polymer film thickness, blend ratio, solvent,[“¢-51 annealing
process,®2%]  substrates,®°81 molecular weight of the polymers,®"l temperature, or
pressure,3%8 etc. affect the phase-separated morphology of polymer blend and can be used as
tuning parameters to obtain the desired pattern. Therefore, a better understanding of phase
separation in morphological evolution is important.

There are various well-established patterning methods available. Many of these are top-
down approaches like photolithography,®® E-beam lithography,? nanoimprinting
lithography,[®% capillary force lithography,®l etc. The bottom-up approaches include self-
assembly at the nano to microscale involving dip-coating lithography,“&5°6 physico-chemical
template guided,3%3562-671 or template less deposition and/or dewetting,*>%¢1 external electric
field-induced self-assembly,[®®74 etc. Although conventional photolithography and E-beam
lithography are the widely used lithographic processes to fabricate micro/nano polymeric
patterns, they have their own limitations in terms of resolution and the high cost of the overall
fabrication process. Thus, some of the bottom-up approaches are in focus in recent years to
fabricate low-cost multiscale complex micro/nanostructures which may involve multiple
polymers as well, for various industrial applications.l’>74 Self-assembly is capable of
producing well-ordered topographical features in the order of 10 nm using block-co-
polymers.™¥l Alternate deposited mesoscale features of PS-PMMA have also been generated
following the self-assembly of polymers by spin coating on a patterned substrate in a sequential
manner.*3 Apart from the spin dewetting, %67l phase separation of blend polymers is another
important route to obtain various types of deposited micro/nano features depending on the

blend compositions.[”®7"1 Earlier, we demonstrated the formation of various types of phase-
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separated morphologies of homopolymer on a Si substrate without any physical or chemical
guidance by dynamic contact line lithography (DCLL).[% In that report, we also depicted a
tentative phase diagram in terms of the tuning parameters, such as polymer concentrations, and
the velocity of the contact line of the driven polymer solution meniscus. Using a polymer blend
solution, in another work, we have demonstrated the fabrication of Janus polymeric structure
of micro-thread to micro/nanodroplets by DCLL method.[*?

In this report, we target to develop an easy and frugal methodology for the formation of
microstructures of different polymers by the combination of DCLL with selective solvent-
induced dewetting. Polystyrene (PS) and Poly methyl methacrylate (PMMA) were used as the
model polymers. In our earlier reports, we have demonstrated dewetted morphologies of
PS/PMMA polymer blend after thermal annealing in a thin film setting,[*® and after contact
line deposition.*? In this work, the PS micro-threads were first fabricated on a PMMA thin
film using the DCLL method from an appropriate solvent. On this patterned deposition of
polymer, the effect of the thermal annealing, selective and common solvent-induced dewetting,
and their morphological evolution were investigated. This gives rise to a myriad of micro/nano
features with different polymers that might have huge applications in the smart technologies

having multi-functional responses.

b c
PS _
Micro-pipette micro-thread
Glass Blade =
_ substrate ‘ ’"
PMMA -
Spin DCLL thin film Solvent induced
coating

dewetting

Figure 5.1. The schematic depicts the flow diagram of the experimental sequences: thin film
formation — DCLL - solvent-induced dewetting of combined PMMA film and PS micro-
threads.
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5.2 Materials and Methods
5.2.1 Preparation of Solution

Two types of solutions were prepared: 8.5 g L™ solution of poly (methyl methacrylate)
(PMMA) in toluene and 2 g L™ solution of polystyrene (PS) in cyclohexane. Polystyrene (MW
~ 192,000, purity: 99 %, CAS No.: 9003-53-6) and poly (methyl methacrylate) (MW
~ 120,000, purity: 99 %, CAS No.: 9011-14-7) were procured from Sigma Aldrich India and
were used as received. The solvents, cyclohexane (extra pure AR, purity: 99.5 %, Cas No.:
110-82-7) and toluene (rectified, purity: 99 %, CAS No.: 108-88-3) were procured from Sisco

Research Laboratory and Loba Chemie, respectively.
5.2.2 Preparation of Sample

Figure 5.1 depicts the experimental setup and procedure of solvent-induced patterning.
At first, a microscope glass slide (Jain Scientific Glass Works, Ambala (India), Cat no. 597/1)
was cut into small square pieces having a dimension of 1.5 cm X 1.5 cm. Next, the glass
substrates were spin-coated with prepared PMMA solution, at 5000 rpm for 2 min (Figure 5.1
(@)). This formed a thin layer of PMMA having a thickness of ~ 50 nm, on the glass substrates.
Apriori, glass substrates were cleaned rigorously through sonication for 15 min each in sodium
dodecyl sulfate (SDS, surfactant) bath followed by acetone and isopropanol bath, sequentially.
Finally, glass substrates were rinsed with a copious amount of deionized water (Model No.:
Elix-3, Milli-Q; Make: M/s Millipore, USA) and were stored in deionized water. Later, the
samples were dried under a flowing nitrogen stream before performing the spin-coating process

(Figure 5.1 (a)). After spin coating, the PMMA-coated glass substrates were kept in a vacuum
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desiccator for 12 h, to dry the samples thoroughly. These PMMA thin films on glass substrates

were used for DCLL using PS solution.

Figure 5.1 (b) depicts the DCLL method, which is elaborated in chapter 3 materials and
methods section.[% Briefly, a customized unidirectional movable stage (MTSZZ-90115-RE25-
01, Holmarc, India) was used for DCLL. The glass substrate, coated with PMMA, was fixed
on the stage with the help of double-sided tape. A stainless-steel blade (Gilette) was firmly
hung vertically above the substrate by keeping a narrow gap of 200 pm in between the lower
edge of the blade and the substrate. A 20 ul of PS-cyclohexane solution was dispensed into the
gap, and it held the solution perfectly due to the strong capillary force. The cyclohexane being
a non-solvent for PMMA, does not affect the PMMA thin film. Next, a servo motor was used
to drive the stage at a velocity of 40 pm s~*. The PS solution meniscus was dragged by the
vertical blade by the capillary force on the PMMA-coated substrate. The contact line of the
solution meniscus was moved to the opposite direction of the stage motion. The contact line
moves with an identical average speed to that of the stage, despite the stick-slip periodic
fluctuation of the contact line. As the contact line moved, it deposited PS micro-threads onto
the thin PMMA film. The selection of the combination of parameters such as the concentration
of PS in cyclohexane, and the contact line velocity, were guided by the phase diagram, reported
in our earlier study (in chapter 3, Figure 3.4).181 Later, the final samples were kept in a
desiccator for complete drying of the micro-threads, and subsequently, thermal/solvent-
assisted dewetting was performed. The purpose of DCLL was to fabricate an ordered pattern

of PS micro-threads without affecting the underlying PMMA thin film.
5.2.3 Solvent Assisted / Thermal Dewetting

Figure 5.1 (c) illustrates solvent-assisted dewetting. The sample containing PS micro-

threads on the PMMA thin film was kept inside a glass Petri dish. In the same Petri dish, four
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containers filled with 360 ul of solvent were also placed beside the test sample. The Petri dish
was then covered with a lid for 12 h. This ensures the saturation of air inside the Petri dish with
the solvent vapor. The solvent level inside the containers was maintained by adding some fresh
solvent whenever the level was reduced by half of the initial. The solvent was chosen
appropriately for selective solvent treatment or common solvent treatment, as discussed later.
On the other hand, thermal dewetting was performed by placing the sample on a hot plate
(Spinot, Tarsons, India), maintaining its temperature at 175°C for 12 h, and covering it with a

lid.
5.2.4 Characterization

The thickness of the thin PMMA film was measured by an ellipsometer (EP3 Nanofilm,
Accurion, Germany) with the Cauchy model for fitting the data. The morphologies of the
deposited polymers, before and after solvent/ thermal treatment, were captured by light-
reflected microscopy (Axio Scope.A1 MAT HAL 100, Carl Zeiss Microscopy, Germany), and
by atomic force microscopy (AFM, Bruker, Innova series, Germany) in tapping mode. These
provided the topography of the samples at different stages of the experiments. A Raman
spectroscopy (Horiba Jobin Vyon, LabRam HR, France) was also performed to identify the

specific polymer locations and was supported by selective solvent washing.
5.3 Results and Discussion
5.3.1 Dewetted Morphology

Figure 5.2 depicts the morphologies of PS micro-threads and PMMA films before and
after thermal and solvent treatments. The thermal annealing was performed at a temperature of
175°C, which was much higher than the glass transition temperature of PS (100°C),! and
PMMA (105°C).E®1 So, it was expected that the PS and PMMA, both morphologies would be

dewetted. But, as the PMMA was much thinner, ~ 50 nm, than the PS micro-thread
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(~ 100 nm), therefore, PMMA film was dewetted faster due to the heterogeneous

nucleation®78 (Figure 5.2 (e)) and formed PMMA microdroplets with a random arrangement.

Thermal treatment | Cyclohexane vapor | Acetic acid vapor Toluene vapor
treatment treatment treatment
o R T T e -

a i c |d
= - ~
o |

e ZE H:: f. .

10 ‘o
; n|
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Figure 5.2. The top row (a - d) represents optical images of deposited PS micro-threads on
PMMA thin films before any kind of treatment (0 h). The bottom row (e - h) represents optical
images of modified morphologies of deposited PS micro-threads on PMMA thin films after
treatment for 12h. Inset images (e1 — h1) show the AFM height scanned images of respective
optical images. The arrow on the right side of the image represents the direction of the contact
line motion. All scale bars represent 10 pm.

The heterogeneous nucleation occurs due to the dewetting of a very thin film of PS
present near the sides of the PS micro-threads. This thin film eventually disintegrates into small
droplets of PS. These small dewetted PS droplets act as nucleation sites for the subsequent
dewetting of PMMA thin film. Thus, both PS and PMMA microdroplets were observed on
both sides of the PS micro-thread. On the other hand, the PS micro-threads initially spread a
bit and then underwent incomplete dewetting and thus formed slightly undulated PS micro-
threads after 12 h of thermal annealing (Figure 5.2 (e1)). The PS/PMMA bond strength might
be responsible for this incomplete dewetted structure. In another study by Yigiang Fan et al.[’®]
reported that the bond strength between PS and PMMA increased with increasing bond
temperature. The authors prepared a few samples by varying the temperature from

110 °C to 125 °C, where the samples contained PS film (thickness of 1.2 mm) and PMMA film
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(thickness of 1 mm) are attached to each other. Bonding strength was characterized and the
result showed that the bond strength increased with bond temperature. Therefore, this could be
the reason that the PS undergoes an incomplete dewetting even at 175°C in the present case.
On other side, PMMA has a great affinity towards the Si/glass substrate, and this also makes

the underneath PMMA film as an incomplete dewetted structure.

Cyclohexane vapor treatment only affected the PS micro-thread by changing the width
only (Figure 5.2 (f)). As the micro-thread absorbed the solvent vapor, it started to spread, and
eventually, height of the micro-thread decreased. No dewetted morphology was observed of
micro-thread even after more than 12 h by cyclohexane vapor treatment. Few PS droplets were
observed near the micro-thread due to the dewetting of a very thin residual PS layer on the
PMMA film. The PMMA film remained unaffected by the cyclohexane vapor. Figure 2 (g)
depicts the morphology of PMMA film and PS micro-thread after acetic acid vapor treatment.
The PMMA thin film was dewetted by nucleation dewetting; on the other hand, the PS micro-
thread remained unaffected. The dewetted features of PMMA film were random, and

microdroplets to labyrinth-like structures were formed.

Toluene vapor

Thermal annealing treatment

12h

Washing with
cyclohexane

Oum 25 50 75 100

Figure 5.3. The top row shows the AFM height scanned images of (a) thermally annealed and
(b) toluene vapor treated samples after 12 h. The bottom row shows the morphology after
washing with cyclohexane of the previous (c) thermally annealed and (d) toluene vapor treated
samples. The arrow on the right side of the image represents the direction of the contact line
motion.
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Treatment with common solvents like toluene induced dewetting of both the polymers
by forming microdroplets (Figure 5.2 (h)) on the substrate. In that case, the PS micro-threads
also underwent complete dewetting and formed big droplets of diameter ~ 35 um arranged in
a straight line. Small dewetted droplets of PS (diameter ~ 12 pm) were placed randomly on
both sides of the line having the big PS droplets. As PMMA film also dewetted completely, it

formed a rim surrounding all the PS droplets.
5.3.2 Cyclohexane Washing

Cyclohexane washing was performed to the samples to verify the arrangements of both
the polymers in the dewetted structures after thermal annealing and toluene vapor treatment
(Figure 5.3). The cyclohexane being a good solvent for PS and non-solvent for PMMA, the
washing took away all the PS from the samples leaving the PMMA undisturbed. Figure 3 (c),
the AFM image depicts the morphology after washing with cyclohexane of thermally annealed
samples. This shows that the micro-thread is etched out due to the dissolution of PS into the
cyclohexane and the dewetted features of PMMA film remain undisturbed. In that case, as the
dewetting of PS and PMMA was not completed, it did not form any PS droplet surrounded by
the PMMA rim. Individual PS and PMMA droplets were formed on the sides of the micro-
thread due to the thermal dewetting of the thin films. The PS droplets formed by thermal
dewetting were washed away by the cyclohexane treatment, and PMMA droplets remained.
Thus, we can see fewer droplets in Figure 5.3 (¢) than in Figure 5.3 (a). The micro-thread being
sufficiently thick, it underwent incomplete thermal dewetting, thus forming a slightly
undulated structure with a relatively larger width due to spreading. Xue Li and other co-authors
have reported experimentally that a thicker film requires more duration to dewet than a
somewhat thinner film due to the strong van der Waals interactions between the interfaces of
the polymers/air and the polymer/substrate.[®% Besides this, they have also reported that the

attractive nature of PMMA towards Si substrate restricts the mobility of polymer molecules
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and does slow down the dewetting process of PMMA film. However, in the present scenario,
the annealing temperature is relatively higher (175°C), which enables the ~ 50 nm thin PMMA

film to dewet.

In the case of the toluene-vapor treated sample, it was seen that there were several ring-
like structures of PMMA after washing with cyclohexane (Figure 5.3 (d)). Comparatively
bigger ring-like structures of PMMA remained due to the dissolution of PS from the core of
the microdroplets formed by dewetting of micro-threads. The smaller ring-like structures of
PMMA were formed by the dissolution of PS from the core of the smaller polymeric droplets.
This cyclohexane washing revealed that after complete dewetting by the common solvent
toluene, PS-core/PMMA-rim-like microdroplets were formed. The PS cores of the small
droplets were formed by dewetting the ultrathin film of PS, which was deposited on PMMA
film during DCLL process. A Raman spectroscopy was also performed to locate the specific

regions of PS and PMMA (Figure 5.4).

2401 5 ' ' 600/ b
160/ 400.
80/ 200-
2890 3060 0 2890 3060

Figure 5.4. represents the Raman spectrum of (a) PS in the core and (b) PMMA as a shell of
dewetted microdroplets which are formed by dewetting of PS micro-thread on PMMA thin
film due to toluene vapor treatment for 12 h.

A sample, after 12 h toluene vapor treatment, was used to perform Raman spectroscopy.
Figure 5.4 (a) depicts the prominent Raman peaks of PS at the core of the micro-droplet at

~2853cm™1, ~2910 cm™! and ~ 3054 cm™?! due to the CH; stretching of the aliphatic
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group, vibrations of tertiary CH stretching and CH stretching of the aromatic ring,
respectively.[182 At the peripheral rim of the droplet, a notable Raman peak of PMMA at

~ 2952 cm~* was observed due to the vibration of C-H stretching (Figure 5.4 (b)).[*]

5.3.3 Dewetting Transition

Figure 5.5. The transition of dewetted morphology of thermally annealed sample at (a) 0 min,
(b) 40 min, (c) 240 min, (d) 360 min, (e) 480 min, (f) 600 min, and (g) 680 min. The arrow
depicts the direction of contact line movement. All scale bars represent 10 pm.

A transition of dewetted morphology was also captured at different time scales when
thermal annealing was applied (Figure 5.5). The images were captured using an optical
microscope in a bright field mode. Before taking each image, the sample was taken out from
the hotplate. After capturing the image of the same region, the sample was quickly placed back
onto the hotplate again. This whole process took less than 30 sec to complete. After the initial
rapid phase of dewetting in the first 40 min, the dewetted PMMA features try to reassemble
themselves slowly into a thermodynamically more favorable condition by disintegrating a few
comparatively bigger droplets and by detaching from the PS micro-thread only. And

eventually, this does not change the overall morphology majorly. On the other hand, the PS
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micro-thread remained not much affected. Initially, its width spread slightly (+2 pm) within
the period of first 40 min (Figure 5.5 (b)). After that, an almost negligible decrease in width
was observed (—2.5 um), and simultaneously, an undulation of the micro-threads also started
to appear after 360 min (Figure 5.5 (d)). This morphology remained nearly unchanged till

680 min (Figure 5.5 (g)).

Figure 5.6. Transition of dewetted morphology of toluene vapour treated sample at (a) 0 min,
(b) 40 min, (c) 240 min, (d) 360 min, (e) 480 min, (f) 600 min and (g) 680 min. The arrow
depicts the direction of contact line movement. All scale bars represent 10 um.

The evolution of the dewetted morphology was also monitored during the toluene vapor
treatment (Figure 5.6). Here also, the significant dewetting of the film occurred within
~ 40 min, and the dewetted micro-droplets of PMMA and PS (due to the dewetting of the thin
PS overlayer on PMMA) were formed. The coarsening of the dewetted droplets takes place as
time progress, and the droplets get bigger and lesser in numbers which is evident in Figures 5.6
(b), 5.6 (e) to 5.6 (g). After an initial 40 min, the PS micro-thread started spreading, and almost
got double its initial width (Figure 5.6 (b)). This initial spreading was followed by the dewetting
process and initiated by narrowing down the thread at around 360 min (Figure 5.6 (c)). In the

end, to reach a thermodynamically favorable state, the micro-thread disintegrated into several
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microdroplets (Figure 5.6 (g)). Here, one thing should be noticed that all sizes of microdroplets
(droplets from PS micro-thread and droplets from PS/PMMA thin-film region) contain both
the polymers, as toluene is a suitable and common solvent for both PS and PMMA. PS forms

the core and PMMA surrounds the PS with a rim formation.
5.3. Conclusions

In this article, we have reported a facile method to fabricate the semi-ordered core-shell
complex meso/microstructure of PS and PMMA. The process starts with the fabrication of PS
micro-thread on PMMA thin film, where PS micro-threads act as a structure-directing
component when dewetting occurs. The PS thread on PMMA film was prepared by the DCLL
method by selecting a suitable solvent. Here, PMMA forms a shell/rim and PS remains as a
core in a single entity (meso/microdroplets) when the samples are treated with common solvent
vapor, toluene. On the other hand, the thermal treatment induced incomplete dewetting that
resulted in the dewetted structure of the thin film into microdroplets, but undewetted PS micro-
threads remained almost as it is. If desired, one can create a complementary pattern by creating
PMMA micro-threads on PS thin film. In that case, one can expect that the thermal dewetting
of this sample will form PS droplets on both sides of a PMMA micro-thread. Furthermore, we
have demonstrated that the selective solvent vapor treatment allows dewetting of particular
regions when another component remains undisturbed. This work demonstrates that the
combination of spin coating, DCLL, and solvent vapor or thermal treatment can be a frugal
methodology for the fabrication of complex meso/ microstructured surfaces for dual responsive
sensors,® energy conversion and storage devices, 4! fuel cell or lithium cell industry,®81E7]

and perovskite structure with multi-material for photovoltaic application,829 etc.
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Abstract

Dynamic contact line lithography (DCLL) coupled with an electric field (EF) to fabricate
PVDF micro-thread with enhanced g-phase, responsible for the piezoelectric effect, is
demonstrated here. The applied electric field is as low as 7 V/um, far lower than the
conventional electrical poling (~ 2 kV/um ) and electrospinning method. The micro-threads
are deposited on a flexible PET substrate from a solution of polyvinylidene fluoride (PVDF)
in dimethylformamide (DMF) having a concentration of 1 mg ml~%. The contact line velocity
of the solution is 40 um s™1. The highest applied electric field of ~ 14V um~1 (1000 V)
induces the maximum amount of $-phase in the deposited micro-threads. Without an electric
field, a-phase is formed, which is not piezoelectric in nature. The lowest electric field intensity,
that induces the piezoelectric effect is ~ 7 V um™=1 (500 V). The amount of converted S-phase
(B to «a ratio) of the prepared samples from dynamic contact line lithography coupled with an
electric field is compared with fabricated samples from thermal annealing (at different
temperatures) and electrospinning process (at 19 kV). An FTIR and Raman spectroscopy is
used to characterize the thermally annealed and electrospun samples. On the other hand, only
Raman spectroscopy is used to characterize the samples fabricated from DCLL coupled with
EF. Finally, the piezoelectric property of the deposited micro-threads is demonstrated by

recording the output voltage against applied mechanical stress.
6.1 Introduction

Polyvinylidene difluoride (PVDF) and its copolymers have been considered as the most
demanded organic dielectric materials for their excellent ferroelectric and piezoelectric
properties compared to their counterparts diisopropyl ammonium bromide (DIPA-B),[*! nylon-
11,1 and croconic acid.®! Inorganic piezoelectric materials, such as PZT (Lead-Zirconium-

Titanate) and barium titanate have received massive attention among other inorganic materials
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due to their remarkable energy conversion efficiency and high piezoelectric strain constants.*-
I However, the processing of inorganic piezoelectric devices is relatively expensive and more
cumbersome than polymeric piezoelectric materials, especially for flexible devices.®*]
Furthermore, to avoid the presence of any toxic metal,*®! PVVDF and its copolymer are possibly
the best alternatives in this field. Due to their impressive piezoelectric properties, PVDF and
its copolymer have been pioneered for more than two decades™!! in various applications such
as energy harvesting,™*? 61 nanogenerators,"®l sensing applications like pressure sensors,*]
high-sensitivity acoustic sensors,?% biosensors,?Y motion trackers,?>%%! and accelerometerst?*!

etc.

Depending upon the chain conformations and packing of molecules, five different phases
of crystallized PVDF have been reported. There are trans (T') and gauche (G) conformations
in the PVDF polymer chains. S-phase exhibits all-trans (TTTT) conformation, « and §-phase
show TG*TG~, while ¥y and e-phase are TTTG*TTTG~.['*?¢2] To get the significant
piezoelectric effect, the maximum phase with all-trans (8-phase) chain conformation is
necessary. Thus, the fabrication of PVDF samples with a high fraction of 5-phase having piezo-
, pyro-, and ferroelectric properties, is the primary goal for any practical application. There are
various techniques to achieve high f-phase, such as thermal annealing and crystallization,
poling under a high voltage power supply, mechanical stretching, use of hydrated metal salt
and doping of additives into the PVDF matrix, etc.[1114182530-34 Among several recent
approaches, the electrospinning process!*835-* js viral as it offers a promising and reliable
outcome. The combination of high electrical poling and at the same time electromechanical
stretching provides the highest possible g-phase crystallinity into the fibers matrix. Spin-
coating,17233040411 drop-casting,*® melting process,2421 printing from piezoelectric ink!*!
and Langmuir-Blodgett,[“*44 etc. also have been explored for fabricating polymer films with

piezoelectric effect.
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Micro/nanostructures with functional properties are essential for smart miniaturized
devices/sensors  having multipurpose  capabilities.[*>*¢1  Fabrication of ordered
micro/nanostructures is challenging and often requires high-end expensive equipment such as
electron beam lithography (EBL), photolithography, mask writer, atomic layer deposition
(ALD), chemical vapor deposition (CVD), etc. Recently, we have demonstrated the ordered
deposition of polymer micro/nanostructures from the carefully driven contact line of a solution
via phase separation.*”l The process is called dynamic contact line lithography (DCLL) that
does not require any sophisticated high-end equipment, and has the potential for industrial

applications.

In this article, we report the modified DCLL in the presence of electric field that allows
the poling of PVDF micro-threads during the fabrication of the ordered structures from PVDF
in dimethylformamide (DMF) solution. The applied electric field is much lower than that used
in the conventional PVDF poling or in the electrospinning process. There are only a few reports
on phase-separation-mediated PVDF crystallization.®2*8] Often, to achieve improved
piezoelectric effects, either copolymers such as polyvinylidene fluoride-trifluoroethylene
(PVDF-TIFE) or doping of foreign materials such as carbon nanotubes were used.#8 |n
general, copolymer PVDF-TrFE is found to have higher g-phase crystallinity due to the steric
effect of TrFE,**-51 whereas PVDF alone, without any treatment, predominantly contains a-
phase. Due to this low fraction of g-phase, the piezoelectric effect of PVDF alone is not so
promising. However, there are few reports suggesting the toxic effect of TrFE monomer and
the difficulty in transportation and storage of this expensive monomer, making us think twice
for environmentally friendly PVDF only.52531 Therefore, in this article, we attempt to decorate
a flexible PET surface with the micro-threads of PVDF, and at the same time, we tried to
improve the f-phase crystallinity of these PVDF micro-threads using a modified DCLL

method. Earlier reports on mechanical stretching or electrical poling, coupled with thermal
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annealing of PVDF film[4%5] suggest the increase in crystallinity due to the enhanced mobility
of PVDF molecules. In this modified DCLL process, while micro-threads are being deposited
from PVDF-DMF solution, a low applied electric field of 3 V/um is found to be sufficient to
align the PVDF molecules easily, compared to the electrospinning or any other electrical poling

method.[5657]
6.2 Experimental Section
6.2.1 Solution Preparation

Two different solutions having concentrations of 200 mgml~! (solution-1) and
1 mg ml~? (solution-2) of PVDF into dimethylformamide (DMF) were prepared by stirring
and heating the solutions at a temperature of 70°C until the solutions were homogeneous and
transparent. Solution-1 (higher concentration) was used to obtain a uniform PVDF film during
spin coating, without spin dewetting. Similarly, to obtain proper microfibers using the
electrospinning method, solution-1 was used. Solution-2 was used to deposit PVDF micro-
threads on a flexible polyethylene terephthalate (PET) sheet using DCLL (discuss later).[4”]
PVDF (MW ~ 180,000) and DMF (analytical grade) were procured from Sigma Aldrich and
Himedia, respectively. A stainless-steel blade (Gillette) was purchased from a local shop. ITO-

coated PET sheet was purchased from Silpent-India and was used without any modification.

6.2.2 PVDF Micro-threads by DCLL Coupled with Electric Field

Blade Solution

PET
ITO
Peltier —

Direction

of stage
movement Servo-motor

Goniometer

Figure 6.1. The schematic diagram depicts the experimental setup and components of DCLL
coupled with electric field.
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The experiment was performed at a room temperature of 25 + 5°C and humidity of 70 +
5 %. Figure 6.1 depicts the experimental setup for the deposition of PVDF micro-threads by
DCLL coupled with electrostatic field (EF). The DCLL has been discussed elaborately
elsewhere.”*”l In summary, An one-sided ITO-coated PET substrate, having a width of 1 cm,
length of 2 cm and thickness of 0.17 mm, was fixed on a thermoelectric Peltier heater (Peltier-
12706), keeping the ITO-coated surface facing down to the Peltier heater. The setup was
positioned on a small goniometer which was placed above a customized unidirectional movable
motorized stage (Holmarc motorized X-stage (servo motor) (Model no.: MTSzz-90115-RE25-
01)). An electrically conductive stainless-steel blade was placed vertically right above the PET
surface by keeping a narrow gap of ~ 60 + 5 um between the blade and the PET substrate.
The positive and negative terminals of a DC voltage supply were attached to the blade and to
the ITO-coated side of the PET substrate, respectively (Figure 6.1), so that the applied potential
can be controlled from 0 — 1000 V. The bare side of the PET substrate was kept upside all
along so that the PET substrate itself acts as the insulator to prevent short circuits while
applying electric field. A 20 ul drop of the PVDF/DMF solution-2 was dispensed to the gap
between the blade and the substrate, and the stage was driven at a constant velocity of
40 pm s~ . The solution formed a curved meniscus and was held at the gap between the blade
and the substrate due to the capillary force. As the stage moved, the contact line moved in the
opposite direction relative to the substrate with an average speed the same as that of the stage.
As the average speed of the contact line is equivalent to that of the stage velocity, hereafter
stage velocity will be considered as contact line speed. As the contact line moved, the PVDF
micro-threads started depositing from the receding side of the driven contact line. A Peltier
heater was used to maintain the substrate temperature at 75°C as the DMF has a high boiling
point of ~ 153°C.1%8] Substrate temperature of 75°C induced rapid evaporation without any

active boiling. The vapor pressure of DMF at room temperature (25°C) is 0.481 kPa, which is
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increased upto 7.67 kPal®® by increasing the substrate temperature upto 75°C. It was found
that at the DMF vapor pressure of 7.67 kPa, and the stage velocity of 40 um s™1, the PVDF
forms a continuous and relatively straight micro-thread on the PET substrate. A PVDF micro-
thread without any discontinuity is very important for any efficient application of the
piezoelectric device. Dimethyl sulfoxide (DMSO) is also a good solvent for PVDF but, due to
its low volatility (boiling point, ~ 189°C),[8% a PVDF thin film rather than the micro-threads
was deposited using DCLL. Other well-known solvents include hexamethyl phosphoramide,
n-methyl-2-pyrrolidone, tetramethylurea, triethyl phosphate, trimethyl phosphate etc., but due
to their relatively high boiling points, they are not suitable for the micro-thread fabrication

using EF-coupled DCLL.
6.2.3 PVDF Thin Film Fabrication

A thin film of PVDF was spun coat on (2 X 2) cm? pieces of glass with solution-1 using
a spin coater (model: spin speed: 1000 rpm, spin duration: 60 sec). The thickness of the PVDF
film (~226 nm) was measured using ellipsometry (model: Nanofilm_ep3sw, Make: Accurion

GmbH, Germany).
6.2.4 PVDF Nano Fiber Fabrication

PVDF nanofibers were prepared from a solution of PVDF/DMF using an electrospinning
device (model: E-spin, Super ES-2 model, Make: Nanotech, India) at an applied voltage of

19 kV Average diameter of the nanofibers was ~180 nm.
6.2.5 Characterization

A light reflected-microscopy (Axio Scope.A1 MAT HAL 100) was used to capture bright
field images of the deposited micro-thread on the PET sheet from DCLL coupled with EF.

Field emission scanning electron microscopy (FESEM) (model: JSM-7610F, Make:
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Jeol, Japan)and AFM were used to capture the topographical details of the deposited micro-
threads. A high-speed camera (Phantom VEO-E 340L, U.S.) was used to investigate the

deposition process at a speed of 500 fps.

Thin film PVDF samples and nanofibrous PVDF samples were further characterized by
Fourier transform infrared spectroscopy (FTIR) (Model No.: IRAffinity-1; Make: M/s

Shimadzu, Japan) and Raman spectroscopy (Horiba Jobin Vyon, LabRam HR, Japan).

The deposited micro-threads on the PET substrate were not characterized by Raman
spectroscopy and FTIR due to the similar peak position of PVDF and PET.[6¥64 A similar
experiment was performed on a micro cover-glass (axiva, 18 X 18 mm, and thickness of
0.13 to 0.16 mm) by depositing aluminum (thickness of ~ 100 nm) to one side of the cover-
glass by thermal evaporator (HHV, India; Model: Lab Coater Auto 500). This makes one side
of the cover glass electrically conductive, and thus, on the non-conductive side, PVDF micro-
threads were deposited using EF-coupled DCLL. After depositing the PVDF micro-threads,
the sample was characterized using Raman spectroscopy. FTIR was not sensitive enough to

provide a good signal of the deposited PVVDF micro-threads on the cover glass.
6.3 Results and Discussion

Following the EF-coupled DCLL (as described in the experimental section), from
solution-2, PVDF micro-threads were deposited on the bare side of the PET. Figure 6.2 shows
the optical images of the deposited PVDF micro-threads at the different applied electric fields.
The width of the micro-threads was found to increase with the increasing electric field and
reach the maximum width of ~ 40 pm at ~ 7 V. um~1 (500 V). Irregularities were observed at
the edges of the micro-threads at the low applied electric field, but the same became more
prominent and flawless when more than ~ 7 V um~? (500 V) was applied (Figure 6.2 (d), (e),

and (f)). With the applied electric field of higher than ~ 7 V. um~?! (500 V), the width of the
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micro-threads gradually decreased and then became almost constant to ~ 20 um at an electric
field of ~ 13 Vum™1 (900 V) or higher. Based on these observations, for the ease of the
subsequent discussion, we divide the range of the electric field applications into two regimes:
Zone-I, which corresponds to the low electric field zone or development zone (electric field
range ~0Vum~2(0 V) to ~7 Vum™?! (500 V)), and Zone-II, that corresponds to the high
electric field zone or relatively steady fully developed zone (electric field range ~ 7 V um™1
(500 V) to ~ 14 V um™1 (1000 V)). In zone-I, first, a thin liquid film of the PVDF solution
was developed in between two subsequently deposited micro-threads. This thin film eventually
dewetted to form micro/nanoholes. The holes then merged to form labyrinths of ribbon-like
structures, and these ribbons eventually disintegrate into micro/nanodroplets due to Rayleigh-
Plateau instability.[5%¢1 Dewetted droplets and holes are visible on the PET substrates in

between two micro-threads in Figures 6.2 (a), (b), and (c).

Figure 6.2. Optical microscopy images of deposited micro-threads of PVDF from DMF, on a
glass substrate during EF-coupled DCLL, at an applying voltage of (a) 0V, (b) 200V, (c)
500V, that corresponds to zone-1 (blue box) and (d) 700V, (e) 900V and (f) 1000V
corresponds to zone-11 (pink box). The substrate temperature is maintained at 75°C during
DCLL. The red arrow at the right side, corresponds to the direction of contact line movement.
All scalebars represent as 20 um.

At zone-II of the higher electric field, no thin film dewetted structure was noticed in the
optical images (Figure 6.2 (d), (e), and (f)). However, close observation revealed the labyrinth-
like structures on the micro-threads themselves. For a better understanding of the topography

of the polymer deposited samples, FESEM and AFM characterizations were performed, and
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typical images at applied electric field of ~0Vum™ (0V), ~7Vum™! (500V), and
~14Vum~1 (1000 V) are shown in Figure 6.3. Both the FESEM and AFM confirm the
presence of labyrinth-like micro-cracks in all the micro-threads, and the depth of the micro-
cracks are maximum (25 nm) at 500 V. These cracks were generated during the evaporation
of the solvents from the deposited polymer matrix. Figure 6.3 (b), (e), also confirms the
labyrinth-like dewetted polymeric structures in between the micro-threads at low applied
electric field. However, at zone-Il, nano-scale PVDF droplets were also observed in between
two adjacent micro-threads on the PET substrate, which suggested the presence of precursor
polymer film thinner than that observed at low applied electric field. This is plausibly due to
the effect of fast electrodewetting at a high electric field, which renders the substrate with
frequent depositions (as the periodicity or the length scale of the deposition decreases), leaving
behind the very thin precursor film that dewetted later to nanoscale droplets. Irrespective of the
electric field applications, nanoscale features were observed on the micro-threads in all the

cases (Figure 6.3).

Figure 6.3. FeSEM images of deposited micro-threads of PVDF from DMF during contact line
movement at an applying voltage of (a) 0V, (b) 500V and (c) 1000 V. Magnified FeSEM
images of the respective samples are depicted in the inset images (a1, b1, and c1). Scalebars of
the primary images (a), (b), and (c) corresponds to 10 um and that of the inset images represent
1 um, respectively. Corresponding AFM images are shown in the Figures (d), (¢), and (f) for
the applied voltage of 0 V, 500 V, and 1000 V respectively. The red arrow corresponds to the
direction of contact line movement. The red arrow at bottom corresponds to the direction of
contact line movement.
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In the current study, the deposition process is a bit different compared to the earlier
study.[*”] Despite having a similar contact angle, ~ 77°, of DMF on PET substrate as toluene
exhibits on Si substrate (from the earlier study), the liquid meniscus of DMF does not really

follow the way toluene meniscus follows during micro-thread deposition.

Figure 6.4 shows the time evolution of the deposition process without any applied electric
field. The sequences are captured from a high-speed video. These sequences clearly evinced
that after pinning to a site (Figure 6.4, 0.53 s), at first, film formation took place (Figure 6.4,
0.69 s). This liquid thin film underwent solvent evaporation (due to the high temperature of 75
°C maintained by a thermal stage), and started dewetting at the relatively thinner film sites
(Figure 6.4, 0.79 s). This dewetting then led to the formation of the new micro-thread (Figure
6.4, 0.9 s). After that, both the micro-thread and the thin film retracted, leaving behind lots of
dewetted nano-structures (Figure 6.4, 1.16 s) on the PET substrate and the micro-threads with
irregular edges having protruded polymeric fingers. On the contrary, as the electric field was
applied, the electrodewetting was rather smooth and generated micro-threads with relatively
smooth edges without prominent fingers. The video revealed that slightly thick (width ~
40 um) and undulated micro-threads were generated while 500 V was applied. In contrast,
relatively straight and thinner micro-threads (width ~ 20 um) were developed at a high electric
potential of 1000 V. Generation of electric field lines between the vertical blade edge and the
ITO (coated at the back side of the PET), restrict the formation of liquid polymeric fingers and

smooth edge of the micro-threads were obtained.
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Figure 6.4. Time evolution of the dewetted structure of PVDF during DCLL at 0 V is shown
in these optical images. DCLL was performed from the PVDF/DMF solution with
concentration of 1 mgml~! and at a contact line speed of 40 ums™t. The blue arrow
represents the sequence of the deposition phenomena and the red arrow at the right side
corresponds to the direction of contact line. All scalebars represent as 10 um.

Figure 6.5 represents the FTIR spectrum of PVDF thermally annealed and electro-spun
fiber samples. In the case of thermally annealed samples, the lower temperature shows more
and y crystalline phases compared to higher annealing temperatures, which is reported earlier
also.[7881 |t is noticed that the solitary peaks for a-phase, 763,795, 854,975, 1149, 1209 and
1383 cm™1, are clearly distinguished with higher intensities in case of spin-coated sample
annealed at 130°C (S-130°C). At 110°C (S-110°C), the intensities of earlier mentioned peaks
for a-phase gradually decrease and, subsequently, they are significantly less detected at lower
annealing temperatures like 70,90°C (S-70°C and S-90°C). Instead, a mixture of - and y-
phases is seen in significant amount. The peculiar characteristic peaks responsible for §-phase
are 1275 and 1431 cm™ %% and the characteristic peaks for y-phase, are 811 and
1234 cm~1,[48% and both crystallinities are noticed at both lower annealing temperatures,
70,90°C. Electro-spun fiber shows an incredible amount of g-phase with peak intensities at

1275 and 1431 cm™~1. A small hump is also present at 1234 cm™?!, which indicates the
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presence of a small amount of y-phase. If we look closely at Figure 6.5 (b), the sample S-70°C
shows more y-phase than sample S-90°C as the peak at around 840 cm™! has shifted to
837 cm™1. Sample S-110°C also indicates the presence of some amount of -phase, as there
are humps at around 839, 1275 and 1431 cm™1, but at around 763,795 and 975 cm™1, some
prominent peaks of a-phase are also present. On the other side, electro-spun sample clearly

indicates the 5-phase at around 840, 1275 and 1431 cm™1.
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Figure 6.5. (a) FTIR spectrum in transmittance mode of PVDF thin film annealed at 70°C (S-
70°C, black), 90°C (S-90°C, red), 110°C (S-110°C, blue) and 130°C (S-130°C, magenta); and
also, of electro spun fiber of PVDF (electrospinning, olive) at 19 kV. (b) A short wavelength
scale of the same FTIR spectrum of same samples.
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Figure 6.6. Raman spectrum of PVDF thin film annealed at 70°C (S-70°C, black), 90°C (S-
90°C, red), 110°C (S-110°C, blue) and 130°C (S-130°C, magenta); and also, of electro spun
fiber of PVDF (electrospinning, olive) at 19 kV, deposited PVDF micro-threads at a applying
voltage of 0 V (DCLL+EFL-0 V, navy blue), 500 V (DCLL+EFL-500 V, violet) and 1000 V
(DCLL+EFL-1000 V, purple).
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In the focus of the Raman spectrum, the samples are characterized by a laser, wavelength
of 532 nm (class 3B), at operating condition of 600 grating and 25 % allowance of the laser.
There are some characteristic peaks, associated with the particular crystallinity of PVDF in the
Raman spectrum. Figure 6.6 depicts similar observations as FTIR exhibits (Figure 6.5) for
fabricated samples from spin-coater and electrospinning. The annealing temperatures, 70°C
and 90°C, show more prone towards -phase (840 cm™1),[6:313336:68] ynike 110°C and 130°C,
which are in favour of a-phase (790 cm™1) mostly.[63133%668] The film from electro-spun
nano-fiber shows a strong peak at around 840 cm™!, representing the B-phase crystalline
structure of PVDF. Interestingly, micro-threads of PVDF from DCLL coupled with EF also
show an excellent result at operating electric field of ~7 V um~! (500 V) and ~ 14 V um™?
(1000 V). Deposited micro-threads exhibit a suitable peak at around 840 cm™! at both
operating electric fields; this is a clear indication of more S-phase crystalline structure of
PVDF. On the other hand, without EF, at ~ 0 V um~?1 (0 V), exhibits a strong peak at around

790 cm™?1, which indicates the presence of a-phase in rich amount.

Table 6.1. phase ratio of 8- and a- of prepared samples of PVDF from thermal annealing,

electrospinning and DCLL coupled with EFL

Sample (B/a)
S-70°C 341
S-90°C 2.85
S-110°C 0.50
S-130°C 0.18
Electrospinning 4.21
DCLL+EFL-0V 0.32
DCLL+EFL-500V 1.65
DCLL+EFL-1000V 1.92
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B _ Raman shift at 840 cm™!
@ Raman shift at 790 cm—1

.. (6.1)

The ratios of - and a-phases (equation 6.1) of respective samples are presented in table
1 and are calculated from the absorbencies at respective Raman shifts, 840 cm™! (for 8-phase)
and 790 cm™! (for a-phase). It is observed that the higher operating voltage, 1000 V, shows a
significant amount of B-phase, almost double to the a-phase. This value might be progressed
with a minimal increment of the magnitude of electric potential than the present case. The
maximum electric field intensity used here is 14 V/um when 1000 V is applied across the two
terminals. So, there is less chance of dielectric breakdown of PVDF film during the experiment,
as the dielectric strength of PVDF (MW- 180,000) is 412 MV/m."® The electro-spun fiber
shows 4.2 times more -phase than a-phase when applied voltage is 19 kV, much higher than

the used voltage in DCLL coupled with EF.
6.3.1 Energy Harvesting by Applying Mechanical Stress

The piezoelectric property is demonstrated by applying a pressure across the sample with
a gentle touch of a finger. A PET substrate containing deposited PVDF micro-threads from a

moving contact line of PVDF-DMF solution while a 500 V is applied, is used as a test sample.

PVDF
micro-thread
¢ ()
\ Z

[
- == ve response
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] ) PVDF micro-thread [ J (
1 - = =
Silver-paste
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(a) Multimeter

Figure 6.7. The schematics depict as (a) the setup and its accessories for energy harvesting
experiment, (b) the side view of the arrangement where, PVDF micro-thread (dark green
colored) is deposited on PET substrate (rose colored) and a silver-paste (light blue colored) is
applied on PVDF micro-threads, (d) applied stress as a form of a gentle touch of a finger to the
back side of the PET sheet and, (c) on the P\VDF micro-threads.
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Figure 6.7 (a) depicts the experimental setup, and its accessories for the stress applied
energy harvesting experiment. At first, the micro-threads were connected to each other on the

both sides of the edges by using silver conductive paste (Silverpase-001, techinstro, India).

00 V PVDF on PET | |
Max. reach: -7.8 mv

PET substrate
- | |
500 pm 500 pm

Figure 6.8. (a) A 0 V DC response against a gentle pressing on bare PET (no deposited micro-
threads of PVDF on PET sheet). (b) A maximum DC voltage response of —7.8 V against a
gentle pressing on PVDF micro-threads, deposited while applying voltage is 500 V. The
deflection of PET sheet, (c) before and (d) after applying pressure by finger is ~ 188 um. A
(e) schematic diagram is also depicted for better understanding. The scalebars of (c) and (d) is
represented as 500 um.

These two edges, coated with silver conductive paste, acted as electrodes (Figure 6.7 (b)),
which were connected to a digital multimeter (Mastech M92A(H)) for sensing the magnitude
of output DC voltage against an applied mechanical stress (Figure 6.7 (d), (c)). The whole
sample was firmly attached to a rigid surface for less disturbances. Here, two samples were
prepared, where first sample contained a bare PET substrate without any deposited micro-
thread (Figure 6.8 (a)) Another sample consisted with deposited micro-threads on the PET

substrate, where deposition was done under a ~ 7 V um™1! (500 V) electric field (Figure 6.9
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(b)). The first sample (setup-1) responded a zero magnitude of output DC voltage against a
gentle touch, where another sample (setup-2), poled under ~ 7 V um~1 (500 V) electrical field,
showed a comparatively good response to the output DC voltage upto — 7.8 mV against applied
stress. A positive response of 0.6 mV was also recorded when the same sample was pressed
gently to the back side of the PVDF micro-threads deposited region. The deflection of PET

sheet by applying finger stress on it was also measured, and that was ~ 188 um (Figure 6.8
(c), (d) and (e)).

6.3.2 Energy Harvesting: Hitting by A Falling Water Drop

Burette

Water Drop

PVDF
micro-thread

Burette-stand

Silver-paste

Meter

Muig;

Thin Plastic
PET — Sheet on micro-threads

Figure 6.9. The schematic depicts the experimental setup and its accessories of energy
harvesting from a P\VVDF micro-threads deposited PET sheet, when a stress is applied by a form
of a hitting water drop.

The prepared device is also capable of harvesting energy from falling water drops (such
as raindrops). Figure 6.9 shows the schematic of an experimental setup, where the device is
connected to a multimeter and a water drop, diameter of ~ 0.7 mm, is dispensed from the top
keeping a certain distance, ~ 50 cm. The water drop was allowed to fall and hit the surface of
the PVDF micro-threads every 10 sec interval. Here, it should be noted that the water drop

does not hit the surface of the P\VDF micro-threads directly as these are covered by a thin layer
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of PS wrapper. Once the experiment started, we noted ten readings of the output voltage
magnitude after every 10 sec interval, and Figure 6.10 depicts the same. For every water drop
hitting the device shows some output voltage. A maximum voltage of — 3 mV is recorded
from the drop-hitting experiment. We also observe a reduced output voltage at the 6™ time

(Figure 6.10), and again it reaches to its maximum (— 3 mV) at the 9" time.

Voltage (mV)

0

Hitting by Waterdrop

Figure 6.10. represents the output voltages by every waterdrop hitting. Ten readings are
recorded and each reading is taken in every 10 sec interval when waterdrop hits.

6.4 Conclusions

We have successfully fabricated PVDF micro-threads by dynamic contact line
lithography. Here, the deposited results state that the volatility of the solvent is the key factor
for fabricating proper line patterns during contact line movement.[*”1 The effect of applying
electric field on the phase transformation of PVDF is also investigated, and it is found that at a
comparatively very low applied electric field than the conventional electrical poling or
electrospinning method, a good amount of S-phase is achievable. It is important to notice that
the gap distance between stainless-steel blade and PET substrate, plays an important role

regarding intensity of the electric field. Also, it should be noted that, the effect of polarity of
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solvent is not investigated while the electric field is applied. Therefore, deposition from higher
polar solvent like DMSO (dielectric constant of 47.29 at 25°C),["Y] instead of DMF (dielectric
constant of 37.51 at 25°C),[’? might deposits PVDF micro-threads, consisting of more
significant amount of B-phase. The minimum treated electric field in preparation of a sample
that we have shown here for piezoelectric effect is ~7 Vum™1 (500 V), and that has fairly
responded against a given mechanical stress. We believe the sample poled under ~ 2.8 V um™!
(200 V) electric field, is also capable of showing some piezoelectric behaviour, and this is
much lower than the conventional method. We also believe that these fabricated micro-threads
are qualified for acting as an individual fiber in various fields like sensing, energy harvesting

and, nano generators etc.
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7.1 Summary

In this thesis we report a frugal technique to fabricate self-assembled micro/nano featured
and its plausible applications. Still, many unexplored areas are yet to be discovered to fully
understand the physics behind the deposition process in order to control over the self-assembled
method. Also, this thesis opens up some new avenues for further research which can lead to
scientific and technological advancement in the domain of micro/nano fabrications and its

interesting applications. We have discussed a few of such possibilities at the end of this chapter.

In chapter 3, We demonstrate a facile pathway to fabricate polymer micro/nano features
on a flat surface by dynamic CL lithography (DCLL). The process is generic and can be used
for various surfaces such as glass, Si wafer, etc. with an appropriate combination of
polymer/solvent system. Based on the process parameters of concentration and CL velocity,
two morphological phase diagrams are presented for two different polymer/solvent systems.
The combination of the polymer and solvent has effect on the deposited morphology, but this
study can provide the overall hints for the process parameters toward the desired morphology.
Certain process features such as gap distance between the blade and substrate, types of blade,
and substrate wettability may affect the morphological phase diagram. Tuning of the surface
wettability of Si substrate (water contact angle ~15°) is demonstrated by forming well defined
PS and PMMA micro-features on it. The water contact angle of ~ 35° to ~ 98° for PS
microstructure and ~ 68° to ~ 86° for PMMA micro-thread deposited on the Si surface is
achieved. This vast change in wettability has the potential to serve many industrial and
technological requirements. Lastly, we demonstrate the flexibility of the DCLL technique by
fabricating complex multi-polymer microstructures by selecting suitable solvents and process
parameters from the morphological phase diagram of the polymers presented in this report.
This process can be extended further for more polymers with desired morphology such as

microdroplets or threads or their combination as per the requirement.
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In chapter 4, PS/PMMA blend polymer is used as a deposited material from a common
solvent, toluene. Here, we study the effect of different solubilities on deposited morphology of
blend polymer. As PS and PMMA have different solubilities in toluene therefore, it is noticed
that higher soluble polymer (PS) deposits initially due to the higher local concentration at the
contact line. This counterintuitive behavior is because of the solvent flow (along with the more
soluble polymer) towards the contact line to replenish the evaporative loss of the solvent.
Moreover, this phenomenon helps us in developing the novel and facile pathway to fabricate
Janus micro-thread or micro/nanodroplets on a Si / glass substrate without any physico-
chemical guidance by DCLL. Tuning of deposited morphologies of PS/PMMA blend polymer
system by changing the composition of polymers only, are also reported. The morphologies
are mainly Janus structure, random deposited structures or multilayer deposited structures of
micro-thread as well as of micro/nanodroplet. Beside these, it is also noticed that the
morphology of deposited micro-threads changes from thread to isolated droplets when the
PMMA concentration decreases. This simple template-less technique to fabricate Janus
polymeric structures, might be important in fabricating dual responsive sensors, flexible

displays or patterned micro-reactors, etc.

In chapter 5, another facile method is demonstrated to fabricate complex polymeric
structure. Along with the DCLL technique, selective solvent induced dewetting, and thermal
dewetting of polymer features are adopted to develop interesting micro/nanostructures. The
study comprises with deposition of PS micro-threads over PMMA thin film. Afterwards,
selective solvent vapour treatments, common solvent vapour treatment and thermal treatment
above glass transition temperatures of both the polymers, are then performed. Interestingly, the
common solvent treatment shows core-shell complex structure, where PS remains as a core
inside a PMMA shell. Due to the higher affinity towards Si / glass substrate of PMMA, it forms

a shell around PS structure. Selective solvent treatment only dewets respective polymers, and,
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a selective dewetted region is created as a result. PMMA thin film converts into disintegrated
or dewetted droplets very easily, after selective solvent treatment (acetic acid vapour treatment)
due to the spinodal dewetting of thin film. The method which is reported here is simple and
affordable compare to high end instrument which is not capable of fabricating complex

structure easily.

In chapter 6, an energy harvesting device is developed where, the device is a flexible
PET sheet on which PVDF micro-threads are deposited in presence of an electrical bias.
Dynamic contact line lithography is used here to deposit PVDF micro-threads from a
PVDF/DMF solution. The morphological phase diagram from chapter 3 has guided us to
deposit proper micro-threads on the PET sheet. Moreover. a low voltage of electrical bias,
~ 8V um™ is able to arrange the crystalline phase of PVDF into - phase from a- phase. In
this chapter, we also have witnessed the increment of - phase content when the magnitude of
the electric field has been increased. A Raman spectroscopy is performed to characterize the
crystallinity of each samples. Later, the fabricated device is tested as an energy harvester as it
produces electrical potential of ~ — 7 mV, when a gentle touch of a finger is applied as a form
of a stress. We also have demonstrated that it can be used as an energy harvester from the rain
drops. An experiment is performed where water drop hits the device from a certain distance

above in order to apply a stress, and the device produces electrical potential of ~ — 3 mV.

Briefly, this thesis has covered both the domain of scientific findings and its potential
application. Along with the scientific findings elaborated above, the thesis also discloses

various aspects of research works, which could be extended for future study.
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7.2 Future Scope

The work in the present thesis can be extended in the following ways:

e In chapter 3, the variable parameters were velocity of contact line and the concentration of
polymer. So, this research can be extended by varying the combination of parameters like
various substrates with different concentrated solution or contact line velocities.

e We have demonstrated fabrication process of complex patterning, this can be extended by
fabricating 3D complex micro-sculptures of polymer as bio-mimicking structural color by
DCLL method.

e More than two polymers also, can be deposited separately to fabricate complex structure
by this DCLL method and a morphological study cane be carried out.

e As the DCLL method is generic, therefore, for every polymeric system with respect to
solvent, it is possible to generate separate morphological phase diagram, which can guide
to fabricate predefined structures.

e We have seen how the blend polymeric system generates Janus micro-threads and
micro/nanodroplets, this research can be extended by introducing blend polymeric system
of three polymers.

e A solution of two miscible polymer solutions can be used in DCLL method and, a
morphological study can be performed after depositing the polymers.

e In DCLL method, functional polymers also can be used to deposit on the solid surface, and

this can be applied directly in respective applications.
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Appendix - 1

S1: Percentage weight loss of PS and PMMA in toluene
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Figure S1: Percentage weight loss of PS and PMMA, per mL of toluene (a) with stirring
and (b) without stirring.

At first, a known amount of PS or PMMA pallets of approximately equal size were dipped
into 3 ml of toluene in separate beakers. At every 4 min of the interval, the pellets were
taken out of the solvent and were dried completely in a vacuum desiccator for 10 min and
then measured the weight again. After measurement, the dried pallet was dipped in the same
solvent. The percentage of weight loss was then calculated at each step. The dissolution
process for individual polymer was performed with stirring at 400 rpm and (b) without

stirring.
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Engineering (AdChE-2020), UPES DEHRADUN

3. Kaniska Murmu, Partho Sarathi Gooh Pattader, Patterning of Polymer Micro-Threads
by Dynamic Contact Line Lithography; Guided by Chemically Patterned Surface, 7th
International Conference on Advanced Nanomaterials and Nanotechnology (ICANN2021),
T GUWAHATI

4. Kaniska Murmu, Pradeep Krishna, Pritam Roy, Prerona Gogoi, Ankur Pandey,
Himanshu Raturi, Sunil Kumar Singh, Aniruddha Deb, Partho S. Goohpattader, Patterning
and Stochastic Dynamics Laboratory, National Workshop on NEMS/MEMS & Theranostic
Devices (NWNTD-2019), IIT GUWAHATI

5. Kaniska Murmu, Deep Eutectic Solvents for Environmental Remediation and Energy
Storage, Scheme for Promotion of Academic and Research Collaboration (SPARC-2020)

6. Kaniska Murmu, Recent Advancements in Thermal Analyzers for Materials
Characterization, 2020, Gulbarga University
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