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ature is enriched with a variety of highly engineered intricate patterns with multiple 

functionalities.1–3 These naturally occurring patterns are formed by the self-assembly 

of macromolecules like proteins and carbohydrates. To one’s amazement, an excellent 

hierarchy is efficiently maintained for transferring properties from the sub-micron level to the 

higher level. The highly efficient naturally occurring structures kindle the cogitation of the 

scientific world, and there is an urge to mimic these structures using synthetic materials, like 

polymers.4–7 These patterns attract a broad spectrum of multidisciplinary applications such as 

fabrications of anti-reflection coatings,[4,5] robust membrane materials,[6–10] highly ordered 

magnetic bit pattern media,[11,12] bio-inspired super-hydrophobic and self-cleaning 

surfaces,[2,13–17] solar cells,[18] and many others.  

Munch et al. reported ice-template technology to form tougher microstructures using 

polymer composite of PMMA and aluminum oxide.[19] Muehlberger et al. successfully 

fabricated multilevel and intricate patterns in Morpho butterfly structures using simple 

techniques like nanoimprint lithography (NIL).[20] Moreover, taking inspiration from the 

Stenocara beetle, Neto and co-worker successfully utilized alternate arrangements of 

hydrophilic (poly 4-vinyl pyridine, P4VP) and hydrophobic polymers (polystyrene, PS) dew 

harvesting.[21] The reports related to polymer pattern generation are multitudinous. Hence 

based on the patterning methodology, these studies are divided into Top-down and Bottom-up 

approaches.[22] Moreover, in the presented work, the synergies of both the approaches and 

present state-of-the-art methods for the complex pattern generation using homopolymer blends 

and random copolymer.  

Synopsis 

N 
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OUTLINE OF THE THESIS  

 Based on the understanding of various methods available in the reported works of 

literature, the methods presented here are facile, low-cost, and innovative to fabricate complex 

patterns. The present work is divided into five chapters. Chapter 1 is the introduction of the 

thesis. It gives a brief account of the works of literature available for polymer pattern 

generation. The chapter summarizes the Top-down and Bottom-up techniques. Some theoretical 

concepts related to dewetting of thin polymer films and phase separation in blend films are also 

included in the account.  Moreover, existing research works available for the fabrication of 

polymer patterns are also discussed.  

Chapter 2 is an experimental study that explains how phase separation occurs in the 

polymer bilayer system. The upper layer is a blend of polystyrene (PS) and polymethyl 

methacrylate (PMMA) in toluene. The under layer consists of PS, PMMA, blend PS-PMMA, 

or random copolymer of PS and PMMA (PS-r-PMMA). The complete experimental process is 

schematically represented in Figure 1. The polymer chains were not tethered and thus labile 

over the silicon wafer (substrate). Strong evidence was obtained that showed the underlayer 

strongly affects the phase separation in the blend upper layer. For example, a lower surface 

energy PS underlayer assisted in phase separation during spin coating, unlike higher surface 

energy underlayers like PMMA, blend PS/PMMA, or PS-r-PMMA. The study also shows that 

the short-duration rapid thermal annealing (RTA) at a high temperature of 300ºC enhances the 

rate of phase separation in a bilayer system. The final equilibrium morphology in the bilayer 

system was achieved much faster than conventional solvent vapor annealing or thermal 

annealing at lower temperatures. The thermal stability of polymers at higher temperatures was 

also checked using Raman spectroscopy, thermogravimetry analysis (TGA), and differential 

Scanning Calorimetry (DSC). It was found that the polymers were stable at high temperatures 

for shorter durations. The study also deals with the fabrication of multiple-length scale 
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structures. When a bilayer of blend/RCP was thermally annealed using RTA, phase separation 

occurs in both blend upper layer and RCP under layer. The upper blend layer phase separates 

and forms a larger PS droplet-like structure in the PMMA matrix. However, in the underlayer, 

the RCP domains also self-assemble to form isolated PS droplet structures within the PMMA 

matrix but, owing to the covalent bonds present, cannot self-assemble to an extent to form 

larger domains. This concept was further utilized to generate complex hierarchical patterns. 

The patterning of the RCP underlayer was done using capillary force lithography (CFL). Like 

the previous case, phase separation occurs when the system was subjected to RTA. Later by 

using the solvents for etching out one polymer component, keeping others intact selectively, 

can fabricate complementary patterns. 

 

 

Figure 1. The schematic depicts the protocol adopted to study phase separation over different 

types of the polymer layer. 

Chapter 3 primarily focuses on blend PS/PMMA coated PS underlayer. The thickness 

of the PS underlayer was kept constant, and the ratio of the individual polymer was varied. It 

was found that during spin coating, blend upper layer tend to phase separate due to rapid 

evaporation of solvent and presence of marginally low surface energy PS underlayer. By 
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altering the ratio PS: PMMA, various patterns can be obtained. Later, the PS underlayer was 

patterned using CFL and thus used to generate orderly arrangements of the phase-separated 

domains.  

 

Figure 2. The AFM images were obtained after spin coating of Blend PS/PMMA over PS 

underlayer by varying the PS: PMMA ratio. The PS:PMMA ratio was varied from (i) 20:80, 

(ii) 50:50 and (iii) 80:20. 

In Chapter 2, it was shown that a bilayer of blend and RCP could be utilized to generate 

multi-length scale structures. Chapter 4 is a detailed study of blend PS/PMMA over RCP 

underlayer. Here, the underlayer RCP was patterned using CFL. The top layer of blend 

PS/PMMA was then spin-coated over the patterned RCP layer. A parametric study was 

presented in which the concentration of blend PS/PMMA was varied by diluting it in toluene. 

When the system was annealed using RTA, phase separation resulted in multi-length scale 

structures discussed in Chapter 2. However, due to the change in the polymer concentration in 

the blend upper layer, a variety of patterns can be generated. With a decrease in the 

concentration of blend in the upper layer, there was a decrease in the droplet diameter and 

wavelength. Also, a comparative study was done by coating the blend upper layer over silicon 

wafers.  
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Figure 3. The figure is showing the steps followed during the experiment. The sequence of steps 

are as follows (A) spin coating of RCP film at 2500 rpm for 120 s (B) placement of aluminium 

foil mould over the RCP film (C) the film with flexible mould over it firmly sandwiched between 

two glass slides and heated over 120℃  for 12 h (D) pattern transfer from mould to RCP films 

(E) a second coat of blend over pre-patterned RCP layer (F) rapid thermal annealing (RTA) 

of bilayer films (G) patterns obtained after RTA and (H) selective solvent etching after 

immersion in acetic acid to remove PMMA (for the simplicity selective solvent etching for PS 

removal using cyclohexane is not shown here). 

A study presented in Chapter 5 describes the evolution of morphology in random 

copolymer when exposed to the highly focussed electron beam. The process is schematically 

shown in Figure 4. The copolymer used here contained blocks of PS and PMMA. The e-beam 

dose was varied from 180 μC/cm2-10,000 μC/cm2. At low e-beam dose, the bond scission 

occurs in the PMMA segments while PS blocks are crosslinked and form trenches in the 

exposed zone. The solvent-induced dewetting was observed in the exposed PMMA blocks to 

form nanopatterns at room temperature.  During this process, the unexposed region is intact. 

The key highlight of the present work is the tone reversal of the PMMA block.  At a higher 

dose of the electron beam, the PMMA block present gets crosslinked in the area of exposure. 

In the vicinity of the zone of exposure, weak interaction of the polymer with scattered electrons 
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causes scission PMMA chains. The broken PMMA chains undergo solvent-induced dewetting 

to develop large-area nanopatterns. Also, the study reports that a further size reduction of 

features by ~50% by the selective removal of a particular polymer from the RCP using suitable 

solvents. The study presented opens up a gateway to generate complex and intricate multi-

length scale structures merely by the variations in film thickness, e-beam dosage, pattern, or 

composition/MW of RCP.  

Lastly, Chapter 6 gives a detailed conclusion of the thesis; the scope, future, and 

further applications of the complex patterns are also mentioned.  

 

Figure 4. The schematic representation showing the mechanism for morphological changes 

occurring at varying dose of e-beam viz. (i) 180 µC/cm2 (ii) 300-700 µC/cm2 (iii) 1500 µC/cm2 

(iv) 2000 µC/cm2 (v) 3000 µC/cm2 and (vi) 6000-10000 µC/cm2. 
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Similarly, AFM scans of 20 µm x 20 µm for blend over 1% PMMA after 

(e) spin coating (f) RTA (g) acetic acid and (h) cyclohexane treatment. 

A schematic of the morphology of PS/PMMA blend over PMMA after 

RTA is shown in (i).  

49 

Figure 2.7 AFM scans of 20 µm x 20 µm for blend over 0.5% blend after (a) spin 

coating (b) after RTA (c) acetic acid treatment and (d) cyclohexane 

treatment. Similarly, AFM scans of 20 µm x 20 µm for blend over 1% 

blend after (e) spin coating (f) RTA (g) acetic acid treatment and (h) 

cyclohexane treatment. A schematic of the morphology of PS/PMMA 

blend over blend after RTA is shown in (i). 

50 

Figure 2.8 AFM scans of 20 µm x 20 µm for blend over 0.5% RCP after (a) spin 

coating (b) RTA (c) acetic acid treatment and (d) cyclohexane 

treatment. Similarly, AFM scans of 20 µm x 20 µm for blend over 1% 

RCP after (e) spin coating (f) RTA (g) acetic acid treatment and (h) 

cyclohexane treatment. A macroscopic schematic of PS/PMMA blend 

over RCP after RTA is shown in (i). 
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Figure 2.9 (a) Depicts AFM image of composite thin film of blend over RCP 

underlayer after RTA and after washing with the cyclohexane (PS 

removed). This sample was washed with acetic acid (protective layer 

of PMMA removed) and corresponding AFM image is shown in (b). 

(b1) is the SEM image showing the PS remnant from RCP, which was 

protected by the PMMA layer. A circular rim, which gives the 

impression of the footprint of a PS droplet surrounded by a PMMA rim. 

A segment of the rim is shown in the magnified image (b2) and the 

morphology of the PS remnant is portrayed in the magnified image 

(b3). The red scale bar at the top right corner is 200 nm for b2 and b3 

and 1 µm for b1. (c) schematics of the thermally annealed blend/RCP 

layer, after cyclohexane treatment (CH wash) and after acetic acid 

wash (AA wash) are depicted. 
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Figure 2.10 The AFM scans for (a) patterned RCP under layer (b) coating of blend 

upper layer (c) after RTA (d) after cyclohexane treatment and (e) after 

acetic acid treatment. Corresponding line scan is shown in a1, b1, c1, 

d1, e1 and in e2. 
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CHAPTER 3: PHASE SEPARATION IN POLYMER BILAYER SYSTEM: ROLE OF 

VARIATION IN PS: PMMA RATIO AND ORDERING OF PHASE SEPARATED 

DOMAINS.   

Figure 3.1 The schematic experimental procedure was shown here. A thin 53 nm 

polystyrene (PS) film was spun coated over silicon wafer at 5000 rpm 

for 2 min (a). After 12 h blend PS: PMMA in toluene was next spun 

coated over previously coated PS layer (b). Next, AFM scans captured 

(c). 

69 

Figure 3.2 The schematic experimental procedure was shown here to generate 

orderly arrangement of phase separated structures. A thin 53 nm 

polystyrene (PS) film was spun coated over silicon wafer at 5000 rpm 

for 2 min (a). The capillary force lithography was performed at 120°C 

over the prepared PS underlayer (b-c). Next, the blend 

PS:PMMA::50:50 was next spun coated over previously coated 

patterned PS layer (d).  

70 

Figure 3.3 The AFM images obtained after spin coating of blend layer over PS 

under layer. Three PS:PMMA ratio of blend were (a) 20:80; (b) 50:50 

and (c) 80:20. The corresponding line scans are shown in a1-c1. The 

AFM image obtained after dissolution of PMMA from the bilayer 

system with PS:PMMA ratio 20:80. 

71 

Figure 3.4 A thin 53 nm polystyrene (PS) film was spun coated over silicon wafer 

at 5000 rpm for 2 min (a). The capillary force lithography was 

performed at 120°C over the prepared PS underlayer (b-c). Next, the 

blend PS: PMMA::50:50 was next spun coated over previously coated 

patterned PS layer (d). 
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CHAPTER 4: MULTIPLE LENGTH SCALE STRUCTURES FORMATION USING 

SYNERGIES OF CAPILLARY FORCE LITHOGRAPHY AND POLYMER BILAYER 

SYSTEM.  
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Figure 4.1   The figure is showing the steps followed during the experiment. The 

sequence of steps are as follows (A) spin coating of RCP film at 2500 

rpm for 120 s (B) placement of aluminium foil stamp over the RCP film 

(C) the film with flexible mould over it firmly sandwiched between two 

glass slides and heated over 120℃  for 12 h (D) pattern transfer from 

mould to RCP films (E) a second coat of blend over pre-patterned RCP 

layer (F) rapid thermal annealing (RTA) of bilayer films (G) patterns 

obtained after RTA and (H) selective solvent etching after immersion 

in acetic acid to remove PMMA and selective solvent etching for PS 

removal using cyclohexane. 

83 

Figure 4.2 AFM images for blend spun coated over silicon wafer with a blend 

toluene ratio a) 90:10; b) 50:50 and c) 10:90. The corresponding AFM 

images captured after RTA were shown in d-f. After acetic acid 

treatment, the PS mound obtained was shown in g-i. Likewise, after 

cyclohexane treatment, the PMMA rims were shown in j-l. l1 shows the 

small area AFM scan for l. The schematic showing PS mounds 

surrounding by PMMA rims is depicted in m. 

84 

Figure 4.3 Schematic representation of capillary force lithography (CFL). The 

sequence of CFL is as follows: (a) as the temperature was kept higher 

than glass transition temperature allows polymer melt to fill the vacant 

cavities in the mould, (b) incomplete filling of cavities due to thinner 

RCP layer, and (c) dewetting of meniscus.     

87 

Figure 4.4 The AFM images for RCP films (a) after capillary force lithography 

(CFL), (b) the CFL assisted patterned films after subjecting to rapid 

thermal annealing (RTA) (c) after immersion in acetic acid and (d) 

after immersion in cyclohexane. The corresponding line scans are 

shown in a1, b1 and e. Schematically the process is represented by (f). 

87 

Figure 4.5 The AFM images for blend spun coated over patterned RCP layer with 

a blend toluene ratio a) 90:10 (sample A2); b) 50:50 (sample B2) and 

c) 10:90 (sample C2). The corresponding AFM images captured after 

RTA were shown in d-f. After acetic acid treatment, the PS mound 

obtained was shown in g-i. Likewise, after cyclohexane treatment, the 

PMMA rims were shown in j-l. The schematic representation of the 

process is shown in m. 

90 

CHAPTER 5: COMPLEX NANOSTRUCTURE GENERATION BY E-BEAM 

LITHOGRAPHY ON A RANDOM BLOCK COPOLYMER THIN-FILM 

Figure 5.1 Schematic of the experimental process is depicted. (A) and (B) spin 

coating of PS-r-PMMA film over silicon wafer, (C) electron beam 

exposure of the RCP thin film, (D) line and box patterned exposure, 

and (E) development using solvent to obtain final structures. Typical 

AFM images showing morphological pattern occurring in random 

copolymer film. 

103 

Figure 5.2 AFM images showing morphological 1-D patterns on a PS-r-PMMA 

film when exposed with variable dose of e-beam and subsequent 

developing in MIBK/IPA. The e-beam dose used were, (i) 180 µC/cm2 

(ii) 700 µC/cm2 (iii) 1500 µC/cm2 (iv) 3000 µC/cm2 (v) 5000 µC/cm2 

(vi) 6000 µC/cm2 (vii) 10,000 µC/cm2. The sample (vii) was further 

105 
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treated with acetic acid for selective PMMA removal to obtain (viii) 

and selective PS removal by cyclohexane to obtain (ix). The line scans 

on the images (i) – (ix) are shown by plots (x). See section S4 of the 

Appendix 4 for the representative FESEM images of the 1-D patterns. 

Figure 5.3 AFM images showing morphological 2-D patterns occurring on a PS-

r-PMMA film when exposed with variable dose of e-beam and 

subsequent developing in MIBK/IPA. The e-beam dose used were, (i) 

180 µC/cm2 (ii) 700 µC/cm2 (iii) 1500 µC/cm2 (iv) 3000 µC/cm2 (v) 

5000 µC/cm2 (vi) 6000 µC/cm2 (vii) 10,000 µC/cm2. Morphology after 

PMMA removal (viii) and PS removal (ix) using selective solvent 

washing of sample (vii) is shown. The corresponding line scans are 

shown by graphs (x), and (xi). The arrow in the AFM image and shaded 

region in the line scan show the region of e-beam exposure. See section 

S5 of the Appendix 4 for the representative FESEM images of the 2-D 

patterns. 

106 

Figure 5.4 The plots showing variations in (a) number density,  𝑁; (b) wavelength, 

λ and (c) average characteristic length scale (diameter of droplet or 

width of rims), 𝐷, for line and box patterns generated after exposing 

with e-beam with dose of 10,000 µC/cm2. The ,  and  represents 

condition after e-beam lithography with e-dose of 10,000 µC/cm2, after 

PS removal from state  using cyclohexane and finally PMMA removal 

using acetic acid from state , respectively.  (d) represents typical line 

scan of the polymer droplet after selective removal of a component 

polymer. 

111 

Figure 5.5 The schematic representation showing the mechanism for 

morphological changes occurring at varying dose of e-beam viz. (i) 

180 µC/cm2 (ii) 300-700 µC/cm2 (iii) 1500 µC/cm2 (iv) 2000 µC/cm2 

(v) 3000 µC/cm2 and (vi) 6000-10000 µC/cm2. 

116 

Figure 5.6 A schematic of the double Gaussian exposure intensity distribution 

(black line) and thermal profile (green line) as a function of distance r 

from the center of the exposure. Crosslinked (1, brown) and degraded 

(2, light blue) zone for PMMA and dewetted zone (3, light green) are 

shown. A typical scan of the irradiated sample is shown in figure with 

identified zones. The schematic is not in scale. 
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The polymer films can be prepared using a variety of techniques like spin-coating, dip-coating, 

or drop casting. By using suitable patterning techniques or methods, these films can be 

transformed to generate polymeric micro/nano patterns over the substrate. Herein, a brief 

literature survey of the techniques/methods used for pattern generation is presented. These 

techniques are broadly classified into two broader sections viz. top-down and bottom-up 

approaches.  

1. TOP-DOWN APPROACHES FOR PATTERNING 

The top-down methods are the size reduction processes that involves breaking down a 

larger dimension structure into a smaller one. One such technique that involves UV lasers is 

photolithography.[1] The typical features obtained using this technique are of the order of few 

microns. However, with the use of electron beam lithography, feature sizes are further reduced 

to the nanometer scale. The polymer on which direct writing is done is broadly classified into 

positive resists (for example, polymethyl methacrylate) and negative resists (for example, 

polystyrene).[2,3] The former type resist is exposed with a focussed beam the bonds between 

the polymer units break down in the exposed area. These broken chains are removed using a 

suitable solvent. This process is known as development. On the contrary to this, in the negative 

   Chapter 1 

Introduction  
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type resist, the crosslinking of the polymer occurs in the exposed area. Subsequently, the 

unexposed polymer is removed in the development process.[1]  Direct writing using e-beam 

assisted dewetting is successfully demonstrated by Verma and Sharma. The process involved 

exposing the polystyrene (PS) or polymethyl meth acrylate (PMMA) films with electron beam 

and development using solvent mixture containing water, butanone and acetone. Here, PS is 

negative resist (chain entanglement upon interaction with e beam) and PMMA is positive resist 

(chain scission upon interaction with e beam). The solvent diffuses into the polymer making 

chains mobile thereby assisting dewetting.[4–8]  

2. BOTTOM-UP FOR PATTERNING 

On the contrary to the top-down methods, the bottom-up approach involves molecule by 

molecule or atom by atom building of larger length scale structures. This phenomenon is also 

known as self-assembly.[9,10] The commonly used methods for fabrication utilizing a bottom-

up approach are dewetting of polymer films and phase separation of blend/block copolymers.  

2.1 Dewetting of polymer thin films  

In the bulk polymer system, the polymer chains adopt a random coil model, and thus along 

the chain backbone, the physical orientation of each repeating unit is essentially not correlated 

with the orientation of another unit. However, unlike the bulk polymer system, the properties 

of a thin film supported on a rigid substrate deviate substantially from the random coil 

model.[11–14] The film supported on a rigid substrate is confined between two interfaces 1) 

substrate-polymer interfaces 2) air polymer interfaces. This confinement reduces the degree of 

freedom, and polymer thin film adopts a modified random coil model due to the influences 

from air-polymer and polymer substrate.[15] These influences give rise to instabilities in the 

film in the form of capillary waves. Under certain conditions, these capillary waves are 
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amplified and subsequently rupture, marking the onset of what is popularly known as 

dewetting. The phenomenon of dewetting is the opposite of wetting, where a film coated over 

a non-wettable substrate disintegrates into polymer droplets.  The based on the interface 

potential (𝜙) versus film thickness h curve the films can be stable, metastable and unstable.[16] 

The ultra-thin films (thickness around 10 nm) dewet spontaneously and is engendered by van 

der Waals interaction between air-liquid and liquid-solid interface. This phenomenon is 

popularly known as spinodal dewetting.[17–19] The initial film contains nanoscopic 

undulations for the thicker films with thickness in the range of 10-100 nm. When this film is 

perturbed externally (heating over a temperature higher than the glass transition temperature 

of polymer or at room temperature, infusion of solvent vapour to reduce the viscosity of 

polymeric thin-film or by using electric or magnetic field), the nanoscopic undulations grows. 

When the air-liquid interface merges with the liquid-solid interface, the holes are generated. 

This marks the onset of the dewetting process. Also, in a separate case, where the 

heterogeneities present over the substrate lead to the formation of holes.[16] The holes merge 

and form interconnected cellular ribbons or rims. Finally, the rims disintegrate into smaller 

droplets due to Rayleigh instability.[20,21] The droplets' wavelength, number density, and size 

depend upon the initial thickness of the polymer films.[16,22] In some cases, synergies of 

spinodal and nucleated dewetting are also observed.[23] Also dewetting is observed in a large 

spectrum of polymers like PS,[19,22,24–28] PMMA,[29] P4VP,[30] PDMS,[31] liquid 

crystals[32,33] etc. The factors affecting dewetting process are discussed as follows:  

2.1.1 Effect of annealing 

2.1.1.1 Thermal annealing  

Initially prepared films using techniques like spin coating are smooth and stable at a 

temperature lower than glass transition temperature (TG). This is because most of the polymers 
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have their glass transition temperature > 100°C. However, annealing the films to a temperature 

higher than glass transition temperature (TG) leads to the amplification of capillary waves and 

eventually hits the solid substrate, leading to the formation of holes, which subsequently merge 

to form rims. In the late stage, the rims break up due to Rayleigh instability to form polymer 

droplets.[28,34,35] 

2.1.1.2 Solvent vapour annealing  

The solvent vapour assisted dewetting involves the prepared film being placed inside a 

chamber saturated with good solvent vapours. At the interface, osmosis leads to swelling of 

the polymer chains, thereby reducing the glass transition temperature (TG) below room 

temperature. The chain mobility increases, engendering hole formation, hole coalescing, and 

rim formation. In the final stages, the rims break to form polymer droplets.[36–38] The 

difference between thermal dewetting and solvent vapour dewetting is that the former is caused 

by instability in long-range van der Waals forces. On the contrary, later is engendered by short-

range polar interactions.[39]  

2.1.2 Highly ordered patterned generation using dewetting  

Irrespective of the dewetting mechanism, the polymeric micro/nano droplets formed by 

dewetting are randomly oriented. The orderly arrangement of the dewetted structures can be 

achieved either by using a pre-patterned substrate. These pre-patterned substrates either have 

topographical protrusions [40,41] or have alternating chemically wetting and non-wetting 

patches.[42–44] 

The early report of generating a pre-patterned substrate with topographical protrusions 

utilizes simple techniques like the unidirectional rubbing of the substrates like glass with emery 

paper.[45] Later, when the polymer solution is dispensed over the substrate, the scratches 
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guided the polymer solution to flow along the direction of the scratches.[46] The 

topographically pre-patterned substrates can also be prepared using soft lithography [36,47,48] 

or other lithographic techniques like optical lithography.[49,50] 

 The dewetting over topographically patterned substrates can be achieved by directly 

spin coating the polymer solution over the patterned substrates[48] or by transferring the film 

with uniform thickness over the pre-patterned substrate by floating.[36,51] When directly 

dispensing the polymer solution over the patterned substrate, the film formed over the patterns 

contains the undulations as the portion of liquid fills inside the gaps between protrusions. Thus, 

the film has nonuniform thickness throughout.[48,52] When the films were annealed, the 

rupture of the film first occurred at the places where the film thickness is thinnest.[53] 

However, the polymer concentration is sufficiently low and/or spin coating is performed at 

high spin speed. The film ruptures during spin coating. This phenomenon is known as spin 

dewetting.[53,54] In another innovative approach, the spin coated film was first detached from 

the substrate by floating it in water. Subsequently, the film was lifted on the topographically 

pre-patterned substrate. The nature of binding of the film with the topographically pre-

patterned substrate determines the final morphology of the structures. There are two types of 

contact of films-protrusion contacts reported: focal and conformal. Upon dewetting, the 

dewetted polymer droplet encapsulates the protrusions in case of focal adhesion. Whereas, 

when the film adheres conformally, the final dewetted droplets occupy interstitial sites between 

the protrusions.[36,51]  

Ordering of the dewetted structures can also be done using a substrate with alternating 

wettable and non-wettable patches.[43,44,52,55,56] The primary aim of this approach is to 

induce chemical heterogeneity in the substrate. This can be done in a variety of ways like 

micro-contact printing of non-wettable self-assembled monolayers (SAMs) over the 
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substrate[57,58] or by using a mask (such as TEM grid) over the substrate (PDMS). When 

substrate and the mask are exposed to UV-Ozone, the interaction at the exposed region creates 

periodic chemical heterogeneities.[59]  When a thin film is coated over a chemically pre-

patterned substrate, mass transfer of polymer occurs from non-wettable (or partially wettable) 

to more wettable regions of the substrate.[52,56,60–62] The film ruptures at less wettable 

patches revealing the underlying non-wettable region of the substrate. The film becomes 

undulated with a thickness on the less wettable region than thicker film on the more wettable 

region. As the dewetting progresses, the polymer accumulated inside the more wettable stripe 

ruptures due to Rayleigh instability, forming the droplets.[57,58]  

The techniques discussed above use pre-patterned substrate; however, direct-write 

techniques can also create nanoscopic, highly ordered dewetted droplets. A highly focused low 

dose e-beam shined over PS and PMMA films. Later, after e-beam exposure, the prepared films 

were immersed in a solvent mixture of water, acetone, and butanone in the ratio of 15:3:7. 

Arguably, PS and PMMA behave differently upon interaction with e-beam. The bond scission 

occurs in the case of PMMA (positive tone resist) whereas cross-linking takes place in the case 

of PS (negative tone resist).[2,63] The solvent mixture percolated inside the polymer films and 

makes them mobile, thereby reducing the glass transition temperature TG of the films leading 

to film rupture. For positive tone polymer film, rupture occurs in the shined part of the films, 

whereas for negative tone polymer films, the rupture occurs in the region where the e-beam is 

not shined.[7,64–66]  

2.2 Polymer blends and phase separation in thin films  

2.2.1 Phase separation in polymer blends: bulk 

 A few sets of polymers are mutually immiscible due to the long-chain and low energy of 

mixing. The blending of polymers is done when it is desirable to have some properties of each 
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component or completely different characteristics.[67] This is done by mixing the polymers in 

a common solvent (for example, PS and PMMA in chloroform or toluene). However, under 

appropriate conditions, phase separation in blend occurs. This leads to a variety of 

morphologies like bicontinuous or sea-island type.[68]     

2.2.1.1 Flory Huggins Theory 

The free energy of mixing determines the miscibility of two polymers. It is the 

difference in the free energy of the mixture and the total free energy of the individual polymers. 

Flory and Huggins independently put forward an expression for the free energy of mixing of 

polymers, which later came to be known as Flory-Huggins Theory.[69,70] The complete 

derivation of the theory has been provided in Appendix 1.  According to the theory, free energy 

change of mixing per unit lattice is:  

∆𝐺𝑚

𝑅𝑇
= n2 ln(𝜙2) + n1 ln(𝜙1) + n1 𝜙2 𝜒  

The first two terms on the right-hand side account for the combinatorial entropy of 

mixing, ∆𝑆𝑚. During mixing, the randomness of the system increases hence, ∆𝑆𝑚 > 0, thereby 

decreasing the free energy of the system. The last term in the right-hand side represents 

enthalpy of mixing, ∆𝐻𝑚. The value of enthalpy depends upon the Flory-Huggins interaction 

parameter, 𝜒. The Flory-Huggins interaction parameter, 𝜒 can be approximately predicted by 

following expression:  

𝜒 =
1

𝜅𝐵𝑇
[𝜀𝐴𝐵 − 0.5(𝜀𝐴𝐴 − 𝜀𝐵𝐵)] 

Where, 𝜅𝐵is Boltzmann constant, 𝜀𝑖𝑗is the contact energy between i and j and 𝑇 is 

temperature. 
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2.2.1.2  Phase diagram 

The phase behaviour in polymer blends, i.e., whether a system will exhibit phase separation 

or complete/partial miscibility, can be qualitatively predicted using a phase diagram. For 

miscibility, the free energy of mixing should be less than zero, ∆𝐺𝑚 < 0. However, this is 

insufficient to precisely determine the phase behavior of the system, and criteria for 

equilibrium and stability should be established. For a symmetric system at constant pressure 

and temperature, i.e., an equal degree of polymerization, the following equations of equilibrium 

and stability should be satisfied:  

1. Equilibrium 

𝜕∆𝐺𝑚(𝜑𝐴
′ )

𝜕𝜑𝐴
=

𝜕∆𝐺𝑚(𝜑𝐴
′′)

𝜕𝜑𝐴
 

2. Stability  

𝜕2∆𝐺𝑚

𝜕𝜑𝐴
2 = 0 

The locus of the two equations is shown in the form of the phase diagram (Figure 1.1). 

It is a qualitative plot between the temperature and composition. The equilibrium line forms 

the boundary between one phase and two-phase region. The two-phase region is further divided 

into metastable and stable regions. Phase separation in polymer blends occurs when a system 

changes temperature or composition. Broadly two types of mechanisms have been observed 1) 

spinodal decomposition (SD) and 2) nucleation and growth (NG). The SD type phase 

separation occurs due to concentration fluctuations. The phase diagram can be visualized by 

crossing through the critical point into the unstable region without crossing the metastable 

region. However, in another case, when NG type phase separation occurs, the system enters 
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into the metastable region. The phase separation occurs in two stages, i.e., slow nucleation 

followed by growth of phase-separated domains.[71,72] 

 

 

Figure 1.1. The figure showing schematic phase separation for symmetric system (𝑁𝐴 = 𝑁𝐵) 

binary mixture of linear homopolymer blends. 

 

2.2.2 Phase separation in polymer blends: films 

So far, we have discussed the phase separation of polymer blends in bulk. The scenario changes 

for thin polymer films as the synergistic effect of various parameters give rise to many phase-

separated structures in blend thin films.[68] The various parameters that affect the demixing 

and subsequent pattern generation in blend films are thickness, polymer-substrate interaction, 

surface energy  Flory-Huggins parameter, the molecular weight of the polymers, 

compositions, polymer solubility, evaporation speed in blend or presence of additives. One by 

one, these parameters are discussed here:  

2.2.2.1 Evaporation rate of solvent and roughness of the films. 
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During the spin coating process, the evaporation rate of the solvent directly impacts the 

roughness of the film. As the spin coating progresses, the excess solution is thrown out at the 

system due to centrifugal force forming a layer over the substrate. Also, there is solvent loss 

due to evaporation at air-film interfaces. If the evaporation rate is high owing to the high vapor 

pressure of the solvent, the solvent is quickly depleted. Thus, a concentration gradient is 

generated between near-surface (solvent lean) and near substrate (polymer-rich) region. 

Thereby assisting in Marangoni instability and formation of large cellular structures and 

rougher films.[73,74]  

2.2.2.2 Thickness of films  

The polymer-polymer phase separation is strongly affected by the thickness of the film. Ogawa 

et al. studied the demixing mechanism for polystyrene (PS): poly(vinyl methyl ether) (PVME) 

blend for a wide range of thickness ranging from 65 µm to 42 nm using optical microscopy, 

atomic force microscopy, and small-angle light scattering.[75] The solution in toluene was 

spun cast to prepare films of various thicknesses over a glass substrate. Later the films were 

soft baked at 60ºC for 24 h followed by annealing the films at 115ºC for different time intervals.   

For the thicker films (t > 15 µm), the phase separation mechanism was found to exhibit spinodal 

decomposition as in the case of bulk. In films with a thickness range (15 µm < t < 1 µm), the 

dewetting is induced by spinodal decomposition. Irregularities in the morphology were 

reported for the films with thickness in the range of 1 µm > t > 200 nm indicating the 

simultaneous occurrence of spinodal decomposition and dewetting. Finally, for the films with 

thickness t < 200 nm, the phase separation was found to be governed by the affinity of one 

component with the substrate (here PVME) of the blend. 

In another study based on the phase separation of PS/PMMA/Toluene on the Au 

substrate, for the thickness in the range of 140 nm-80 nm, the final morphologies in each case 
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exhibited a similar type of vertical phase separation. However, the films with higher film 

thickness had coarser domains as compared to that thinner films.[76] 

2.2.2.3 Solvent dependence of the phase-separated structures  

Walheim et al. presented a comprehensive study showing the respective solubility of polymers 

present in the blend determines the final phase-separated structures after film formation. They 

used model polymer blends of PS/PMMA in toluene, tetrahydrofuran (THF), and methyl ethyl 

ketone (MEK). The local evaporation rate of the solvent played a crucial role in the formation 

of the final structures of the polymers. Like in the case of PS/PMMA/toluene or 

PS/PMMA/THF system, these solvents were common solvents for both of these polymers. 

However, PS showed more affinity towards toluene and THF than PMMA. As the evaporation 

of the solvent took place, PMMA rich phase was quickly deprived of the solvent and was 

solidified faster than PS. The final morphology was obtained when the PS-rich domains get 

deprived of the solvent resulting in vertical phase-separated structures with protruding, sharp-

edged PMMA domains surrounded by the PS-rich phase. The case was reversed when the 

solvent used was MEK, which had more affinity towards PMMA. In this case, PS-rich domains 

were protruded vertically and were surrounded by PMMA domains. Interestingly, the domains 

did not exhibit sharp edges. As a rule of thumb suggested in the study, the structures formed 

when lower surface energy polymer (PS) had an affinity towards common solvents (toluene or 

THF), the polymer with a lower solubility in the solvent protruded vertically with a sharp edge 

and were surrounded by lower surface energy polymer. However, the case was reversed when 

the higher surface energy (PMMA) had an affinity towards the common solvent (MEK). The 

final structures obtained did not had sharp edges and the polymer with least affinity was 

vertically phase-separated surrounded by polymer with higher affinity towards the common 

solvent.[76] 
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2.2.2.4 Substrate dependence  

The type of substrate used to support strongly influence the final morphology in polymer blend 

phase separation.[77] It was shown by Walheim et al. that phase separation is affected by the 

type of substrate used.[76] 

2.2.2.5 Molecular weight  

Tanaka et al. reported that for a blend of high Mw PS and low Mw PMMA in toluene, surface 

segregation of PMMA rich domains was observed albeit PMMA > PS. It had been argued that 

surface energy of chain-end groups (e) was less than the main chain, which further reduces 

with the reduction of Mw. Therefore, the chain end effect dominates the segregation of low 

Mw PMMA at the air-polymer interface. Also, a polymer adopts random coil conformation in 

a bulk system, and conformational entropy increases with the increase in Mw. However, 

polymers at the surface of the film were compressed perpendicular to the film surface. Thus, 

the polymer present at the surface of the air-polymer interface has lower conformational 

entropy than at the bulk. The difference between conformational entropy at bulk and at the 

surface decreases with the decrease in Mw, which allows lower Mw PMMA to be enriched at 

the surface as compared to high Mw PS.[78] 

Apropos to the Mw dependence of preferential surface segregation of one of the 

polymer blend components, Li et al. reported the morphological changes that occurred when 

the molecular weight of PS was varied in PS/PMMA blend in toluene. The molecular weight 

of PMMA was fixed at 10.6 k, while the PS molecular weight was varied from 2.9 k to 129 k. 

To prepare blend films, the individual polymers were dissolved in toluene and mixed in equal 

volume. Thereafter, the solution was spun coated over the cleaned silicon wafers. Later the 

films (thickness ~ 70-90 nm) were dried under vacuum at 50ºC for 10 h. Later the films were 
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annealed at 156ºC for various times. The characterization was done using AFM and XPS 

techniques. For the blend consisting of PS component in the Mw range < 4 k the nano-phase 

separation occurred with PS, with no clear distinction between respective PS and PMMA rich 

domains. Next, for the blend with Mw of PS in the range of 5.6-31.6 k, after the spin coating, 

the PMMA chains were first to get depleted, thereby forming solidified interconnected matrix. 

However, at this stage, PS chains were still swelled by toluene and get dispersed over 

previously solidified PMMA matrix such that PS islands were formed inside the matrix of 

PMMA. Lastly, all PS was deprived of toluene, giving rise to sea-island morphology. A similar 

argument was proposed when blend contained high molecular-weight PS (> 35 k), PMMA 

chains depleted of toluene faster than PS, thereby getting solidified as a stratified layer over 

the substrate. Later after the evaporation of solvents from PS chains, PS-rich domains were 

formed and were embedded inside the PMMA rich domains.[79] 

2.2.2.6 Effect of annealing on the morphologies  

2.2.2.6.1 Thermal annealing  

Ton-That et al. studied the PS/PMMA blend in chloroform film spun coated over Mica 

substrate. After the spin coating, demixing occurs after spin coating of the polymer blend 

solution. The maximum solvent is evaporated during the spin coating due to faster evaporation 

rates, and the polymer gets deprived of most of the chloroform. However, chloroform has more 

affinity towards PMMA than PS; PMMA domains enrich the air-polymer interface over the 

stratified PS layer during polymer demixing. The morphology presented after the spin coating 

is far from equilibrium. The holes were present in the morphology due to high surface energy 

PMMA over the PS stratified layer.   Later, upon annealing over-temperature 142ºC, which is 

higher than glass transition temperature, the top PMMA layer starts dewetting over the PS 

layer. In the late stages, PMMA domains form a stable layer over the substrate, and the air-
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polymer interface was found to be enriched by PS domains. Thus annealing the blend above 

glass transition temperature drastically modifies the morphologies.[80] 

Li et al. presented a study for PS/PMMA/toluene system spun coated over silicon wafer 

having thickness 67.1, 27.2, and 16.3 nm. All the films were annealed at 156ºC for various 

time intervals ranging up to 1088 h. For the film having a thickness of 67.1 nm, the as-cast film 

showed sea-islands type morphology with high surface energy elevated PMMA mounds were 

surrounded by PS rich phase. However, the morphology was far from equilibrium due to the 

rapid evaporation of solvent from the bulk of the casted film. During the solvent evaporation 

process, PMMA was deprived of solvent faster than PS due to the lower solubility of PMMA 

in toluene as compared to PS. Hence, PMMA gets solidified faster than PS, forming raised 

PMMA rich domains surrounded by PS-rich domains, as argued by Walheim et al.[76] The 

PMMA mounds gradually migrate towards the substrate upon prolonged annealing, replacing 

PS that migrates towards the air-polymer interface. Finally, the PS-rich phase was layer-

stacked over PMMA, indicating complete reversal PMMA rich phase at the air-polymer 

interface before annealing to PS-rich phase in the air-polymer interface after annealing giving 

rise to foam like morphology. The same phenomenon was observed for 27.2 nm film, with a 

reduced vertical height of the features and bicontinuous morphology after prolonged annealing. 

For the thinnest film, 16.3 nm, along with the migration of the PS-rich phase from the substrate 

to the air-polymer interface at secondary phase separation, was also observed after prolonged 

annealing.[81] 

Rui et al. discussed the three stages of morphological evolution for phase separation 

when a 50 nm PS/PMMA blend film was spun coated over a silicon wafer. The common 

solvent used here was 160ºC. The optical monographs were recorded at different time intervals. 

In the initial stage, the air-polymer interface was enriched by PMMA. In the intermediate stage 
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phase separation was evident with coarsening of PS-rich domains at the air-polymer interface. 

In the late stage isolated droplets were formed. These droplets were randomly distributed with 

PS-rich mounds were surrounded by PMMA rims. Interestingly when PS domains were 

selectively removed by carbon tetrachloride, the trenches were observed inside and outside of 

the remaining PMMA rims. This indicated that PS domains extended considerably inside the 

PMMA domains.[82]  

2.2.2.6.2 Solvent vapour annealing  

Self-organization based on thermal annealing of blend films is a slower process. A faster 

process that achieves self-organization in the blend films is solvent vapour annealing. The 

prepared blend films were confined inside a chamber saturated with vapours of the solvent. As 

the vapour interacts with the polymers, present the final morphology is determined by the 

factors like composition, film thickness, and relative interaction between polymers-

solvent.[83,84] Roy and Sharma presented a study for PS and PMMA blend in toluene spun 

casted films exposed to thermal annealing, toluene vapour, and chloroform.[85] Significant 

differences were observed in the final morphology owing to the relative mobility of the 

polymers. The process involved the preparation of a thin polymer blend film containing PS and 

PMMA dissolved in toluene. After spun coating to remove residual toluene, the films were 

allowed to dry under vacuum (T< TG). These prepared films, as discussed above, were far from 

equilibrium and at this stage, the morphology obtained had phase separated PS, and PMMA 

rich domains with PMMA columns protruded outwards and are surrounded by the PS matrix. 

The high Mw polymers displayed low mobility thus slower kinetics when subjected to thermal 

annealing at 160ºC for 70 h. However, when as cast films were placed inside a chamber of 

toluene and chloroform vapour separately, the relative solubility of polymers in these solvents 

significantly affects the final morphology. Albeit both toluene and chloroform are common 
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solvent for PS and PMMA, toluene exhibits more affinity towards PS than PMMA. Likewise, 

PMMA has more affinity towards chloroform than to PS (𝜒𝑃𝑆−𝑇 = 0.3469 𝜒𝑃𝑀𝑀𝐴−𝑇 =

0.3829 𝜒𝑃𝑆−𝐶 = 0.3452 𝜒𝑃𝑀𝑀𝐴−𝐶 = 0.3413, where, T and C represents toluene and 

chloroform, respectively). The solvent vapours penetrate inside the polymers, reduces the TG 

and enhances the chain mobility. After 3 h of solvent vapour exposure, the authors showed that 

holes begin to emerge in PS rich domains while there was a reduction in the height of PMMA 

columns, later forming bicontinuous morphology with PMMA rich phase being uneven 

containing domains and columns. After 9 h of solvent vapour exposure, the PS micro droplets 

get entrapped inside the PMMA rich phase. Interestingly the PS micro droplets still contained 

slender PMMA columns embedded inside the PS droplets. In the later stages of prolonged 

solvent vapour exposure of 48 h, the embedded PMMA columns subsided, and PS micro 

droplets surrounded the PMMA matrix. Likewise, the as-cast blend films were exposed to 

chloroform vapours. However, the kinetic was found to be very fast, with an immediate 

reduction in the heights of PMMA columns and PS domains forming with holes forming Swiss 

cheese-like morphology on top PMMA rich domains. The PMMA migrates towards the 

substrate due to high affinity towards SiO2 layer. Over this stratified PMMA layer, PS domains 

get dewetted.  The final equilibrium morphology was attained in just 60 h of exposure, with 

PS droplets were embedded inside the PMMA rich matrix. Thus, the study indicates the 

selective affinity of one polymer towards solvent vapour and Mw plays a crucial role in relative 

mobility, thereby determining the phase separation kinetics when blend films are subjected to 

solvent vapour.  

2.2.2.7 Concentration of polymer  

Polymer-Polymer demixing and subsequent pattern formations are significantly affected by 

overall polymer concentration and individual polymer volume fraction. A study by Ton-That 
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et al. showed for a blend PS-PMMA in chloroform coated over cleaned mica, the structures 

formed when 0.2% polymer was significantly smaller than that of 1%. Moreover, the individual 

volume fractions of PS: PMMA in the blend resulted in either pitted, sea-island type, or 

labyrinth type morphology.[86] The same group demonstrated that the overall polymer 

concentration and individual polymer ratio significantly affect the final morphologies. It was 

shown for PS-PMMA blend in chloroform spin-cast over Mica substrate. When PS/PMMA 

ratio was greater than equal to 50:50, the morphology showed the formation of the pits. This 

was because after solvent rapidly evaporated from the films during spin coating, surface 

segregation of the PMMA occurs on top of the PS under-layer.[87] However, owing to the 

negative spreading coefficient, PMMA over the PS layer is unstable, and thus, pits were 

formed. The square root diameter with respect to film thickness was found to exhibit linear 

variation. On the contrary, granular domains were formed when the PMMA concentration was 

higher in the blend than PS. The size of the granules was found to increase with the increase in 

the PMMA concentration in the blend.[88] 

2.2.2.8 Mechanism of morphology formation during spin coating 

Heriot and Jones used time-resolved small-angle light scattering during spin coating to propose 

the mechanism of vertical phase separation in thin polymer blend films. The polymers used 

were PS, and PMMA dissolved in toluene spun coated over a silicon wafer. A drop of solution 

was dispensed over the wafer and was spun coated at 1500 rpm for 20 s. Simultaneously, a 

laser (633 nm) was focussed over the system at an angle of 40º. As the spun coating progresses, 

the thickness of the dispensed liquid decreases, and at a certain critical thickness, the polymer 

domains phase separate and layer stack parallel to the substrate, with one polymer-forming an 

unstable stratified layer over another. A further decrease in the thickness makes the polymer-

polymer interface unstable and marks the manifestation of the capillary waves. These capillary 
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waves are further amplified, and in the later stages, when the polymer-polymer interface meets 

the air-polymer interface the stratified layer breaks and give rise to phase separated structures 

vertically.[89] 

2.2.2.9 Ordering of phase-separated structures 

Like in the case of dewetting, phase-separated domains are randomly oriented over the sample. 

To overcome this difficulty, a synergistic approach is often utilized such that phase separated 

domains are aligned by using conventional lithographic processes. Some of the earlier reported 

techniques are discussed as follows:  

In nano imprint lithography (NIL), a pre-patterned mould is placed over the polymeric 

film, and pattern transfer occurs when the system is annealed at an elevated temperature. In 

some variation, UV-assisted-NIL has also been reported.[90,91] Wang et al. demonstrated that 

highly ordered domains could be generated by the application of NIL and phase separation in 

PS/PMMA blend films.[92] Capillary force lithography (CFL) is a variant of conventional 

NIL. Unlike in NIL, patterning using CFL requires low pressure.[93]   Liu et al. proposed a 

method in which capillary force lithography was used to create orderly arrangements of phase 

separation domains.[94] Dip pen lithography can also be used to generate highly ordered phase 

separated structures.[95] The orderly arrangement of phase separated domains can also be 

created using a pre-patterned substrate. Chen et al. used topographically patterned silicon 

wafers to create highly ordered patterns when the PS and PMMA phases separate over the pre-

patterned silicon wafer.[96] Interestingly, orderly arrangements of phase separated domains 

can also be formed by using pre-pattered PDMS stamps as substrates.[97] Controlled 

evaporation of solvent and phase separation in blend using a Sphere on flat geometry can also 

be used to create the hierarchical arrangement of domains over silicon wafer.[98] The above 
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mentioned techniques and concepts associated with those techniques are used to design the 

methodologies and experiments in the present thesis.    
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GRAPHICAL ABSTRACT 

 

ABSTRACT 

Microphase separation in a thin film of a polymer blend leads to interesting patterns on 

different substrates. The plethora of studies in this field discussed the effect of the surface 

energy of the underlying tethered polymer brush or substrate on the final morphology of the 

polymer blend. The conventional process toward the final morphology is relatively slow. Here, 

aiming the fast lithography, we induce the kinetically driven morphological evolution by rapid 

thermal annealing (RTA) of the polymer blend of polystyrene (PS) and 

polymethylmethacrylate (PMMA) in bilayer settings at a very high temperature. The 

underlying film consists of untethered constituent homopolymers or their blend or random-co-

polymer (RCP). Apart from the phase inversion of the blend on PS homopolymer, a rich 

morphology of the blend on RCP underlayer is uncovered with the systematic investigation of 

the film using sequential washing with selective solvents. The dissolution characteristics and 

the thermal stability of the constituent polymers corroborated the observation. Based on the 

understanding of the morphological evolution, fabrication of a complex shaped 

micro/nanopattern with multiple length scales is demonstrated using a blend/RCP system. This 

study shows a novel methodology for easy fabrication of hierarchical small length scale 

complex structure. 

Keywords: Thin Film Instability, Rapid Thermal Annealing, Polymer Blend, Random-co-

polymer, Hierarchical patterns. 

   Chapter 2 

Effect of Labile Underlayer on the 

Morphology of Thermally Annealed 

Polymer Blend 
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1. INTRODUCTION 

On-demand alteration of the surface properties of a given surface using small scale structured 

polymeric domains finds a broad spectrum of interdisciplinary applications such as fabrications 

of robust membrane materials,[1–5] highly ordered magnetic bit pattern media,[6,7] bio-

inspired super-hydrophobic and self-cleaning surfaces,[8–13] anti-reflection coatings,[14,15] 

negative refractive index materials[16] etc. Fabrication of micro/nanoscale morphology 

involves different techniques such as photolithography,[17] e-beam lithography,[18,19] 

reactive ion etching (RIE),[20] vapour deposition methods,[21] nanoimprint lithography 

(NIL),[22–24] micro-contact printing (µCP),[25–28] elastic contact lithography (ECL),[29] 

electric field-induced pattern generation,[30–35] dewetting of polymer films,[36–39] phase 

separation mediated pattern generation,[40–42] etc.   

Self-assembly in polymer blend and block copolymer thin films has gained attraction 

in the last few decades due to its scientific and technological importance in the fabrication of 

micro-nano structures. The blend polymer solution contains two or more dissimilar polymers 

in the form of a physical homogeneous mixture in a common solvent. In random copolymers 

(RCP), the two or more dissimilar polymers blocks of random chain lengths are chemically 

bonded to each other. Owing to the differences in their chemical and physical properties, the 

respective polymers of the blend or RCP blocks tend to form segregation into micro/nano 

phases.  

The thermodynamics of the blend system dictates the phase separation of the polymer 

blend. Upon altering the conditions like temperature, pressure or compositions, the system can 

be forced to move from single phase to metastable or to the two phase spinodal regime. 

Metastable regime involves slow nucleation followed by growth of phase-separated domains. 

However, in spinodal decomposition, phase separation starts with instantaneous density 
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fluctuations of segments that progressively increase in amplitude and wavelengths in later 

stages, resulting in coarser phase-separated domains.[43]   

In this respect, the phase separation in microdomains is somewhat restricted in the case 

of RCP compared to the blend due to the presence of covalent bonds between two different 

polymer blocks in RCP. Nevertheless, rich morphology, such as a stratified layer, horizontal 

or vertical cylinders, gyroid[41] etc., can be obtained using blend and block copolymers 

depending on their mole fraction, solvent /temperature used for annealing[44,45] etc. The 

phase separation of a polymer blend or RCP within a thin film over a substrate is a complex 

process and is influenced by various parameters such as solubility, Flory-Huggins parameter, 

molecular weights, mobility, evaporation of the solvent, which is associated with viscosity and 

concentration of the components, the thickness of the film[40] etc.  The formation of nanoscale 

structures using blend polymers is thus challenging and provides a controlling handle to tune 

the morphology. One can obtain diverse morphology by varying the volume fraction as well 

as the substrate characteristics.[46] 

The polymer-polymer phase separation in a thin film is quite different from a bulk phase 

separation and strongly affected by the film thickness. As the film thickness reduces, the 

characteristic length scale of spinodal decomposition decreases, and at film thickness less than 

~ 200 nm, the film dewets with spinodal length scale.[47] The final morphology obtained is 

far from thermodynamic equilibrium and is often governed by the kinetics of the process. 

Demixing of a spin-cast polymer blend can be attributed to different substrate preferences of 

the component polymers and the different solubility of them in the common solvent.[48,49] 

Mansky et al. showed that the PS wets over a grafted PS-r-PMMA brush if the fraction of the 

Styrene is more than ~ 0.7 in the tethered brush.[50] The interfacial energy difference, ∆𝛾 =

𝛾𝑃𝑆−𝑏𝑟𝑢𝑠ℎ − 𝛾𝑃𝑀𝑀𝐴−𝑏𝑟𝑢𝑠ℎ ≈ 0 when the fraction of Styrene in the tethered brush is ~ 0.6 that 
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renders the surface neutral to both PS and PMMA. Here, 𝛾𝑃𝑆−𝑏𝑟𝑢𝑠ℎ (𝛾𝑃𝑀𝑀𝐴−𝑏𝑟𝑢𝑠ℎ) represent 

the interfacial energy between PS (PMMA) and the grafted PS-r-PMMA brush. 

In view of the above discussion, here in this article, we have investigated the 

morphological evolution of PS/PMMA blend on an untethered labile polymer (PS, PMMA, 

PS/PMMA blend, and PS-r-PMMA copolymer) layer of different thicknesses. To achieve the 

fast patterning of polymer in contrast to the conventional thermal dewetting, the non-

equilibrium kinetics of morphological evolution is probed for a relatively short duration (~12-

15 min) to attain a high temperature of ~ 300°C called rapid thermal annealing (RTA). The 

chapter is organized as follows: after the experimental procedure described in the next section, 

the results and discussion section begins with few characterizations of the process parameters, 

which are crucial to validate the results. Then the morphological evolutions of as cast and 

annealed polymer blends over different polymer settings are discussed. Next, based on the 

findings, the fabrication of complex hierarchical patterns is demonstrated. Lastly, concluding 

remarks are offered with the future direction of this study.    

2. MATERIALS AND METHODS  

2.1 Preparation of polymer solutions 

A homogeneous 1 % (by wt.) solution of random copolymer PS-r-PMMA (Sigma Aldrich, 

average Mw 1,00,000-1,50,000, styrene 40 mol %) was prepared by dissolving the polymer in 

toluene. Likewise, the 1% solutions of PS (Sigma Aldrich, Mw = 1,92,000) and PMMA (Sigma 

Aldrich, Mw = 1,20,000) were prepared in toluene (Sigma Aldrich).  In order to prepare a 

homogeneous blend of PS-PMMA, separate solutions of PS (1% wt.) and PMMA (1% wt.)  in 

toluene were prepared and mixed thoroughly with PS : PMMA :: 40 : 60 volume ratio.  
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Figure 2.1. The schematic depicts the protocol adopted for the study of phase separation 

over different types of the polymer layer. 

2.2 Preparation of polymer thin film 

A polymer solution was spin-coated at 5000 rpm for 2 min over cleaned silicon wafers of 1 cm 

x 1 cm dimensions. Before spin coating, the silicon wafers (<100>) were cleaned using Piranha 

solution consisting of H2SO4 and H2O2 in the volume ratio of 80:20. The prepared films were 

left at room temperature for 12 h in a vacuum desiccator to remove the excess solvent. This 

will serve as the underlayer thin film. Subsequently, the second layer of the polymer was spin-

coated over the first layer at 2500 rpm for 2 min. Table 2.1 shows the concentrations of 

polymer used to prepare the films, and corresponding film thicknesses are reported.  

2.3 Rapid Thermal Annealing (RTA) 

All the bilayer systems were thermally annealed by raising the temperature rapidly up to 300 

°C on a hot plate. When the 300°C is attained, the system was allowed to remain at that 

temperature for 30 s and thereafter, cooled down by natural convection to room temperature of 

23°C. 
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The temperature profile was monitored using an IR thermometer (Fluke 59 MAX, 650 nm 

laser). The complete process is shown in Figure 2.1. Here one point to note that the during 

RTA, the polymer films remain above its glass transition temperatures (~ 100°C for PS and ~ 

105°C for PMMA) for about ~ 12-15 min. This time frame is not sufficient to achieve the 

thermodynamic equilibrium state, even though the maximum temperature is much higher than 

the glass transition temperature of the polymer. This study is aiming given the smaller time 

window, how the morphological variation took place for different underlayer settings so that it 

can be implemented as a faster patterning tool. Moreover, there is a possibility of considerable 

thermal degradation if the temperature is maintained at high temperature for longer duration. 

2.4 Preferential dissolution of polymer 

The RTA allowed polymer chains to self-organize and PS / PMMA segregate to form 

microdomains. To get an insight into the self-organization mechanism after RTA, selective 

solvent etching of the sample was performed. In this process, the polymer thin film of 

PS/PMMA blend and/or RCP was immersed in a solvent that selectively removes only one of 

the component polymers present, keeping another polymer structure intact. Here we used acetic 

acid to wash away PMMA domains and cyclohexane for the removal of the PS regime. The 

immersion was carried out in 25 ml of appropriate solvent for 5 min without any stirring or 

sonication. For samples with hierarchical patterns (discussed later), the immersion time was 10 

min. After immersion, a slow stream of nitrogen was used to remove residual solvent from the 

samples. Subsequently, the samples were vacuum dried at 60°C for 6 h.  

2.5 Preparation of complex multiscale structures 

For the complex pattern, 1% solution of PS-r-PMMA RCP was spun coat (spin speed was 

maintained at 5000 rpm for 2 min) over a clean Si wafer. The film thickness of 48 nm was 

confirmed by ellipsometric measurement. A structured aluminium foil was peeled off from a 
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compact disk (CD) to use it as a flexible stamp with alternate lines of grooves and crests with 

periodicity, width and height of about 1.6 µm, 800 nm and 120 nm respectively.[51] This 

flexible CD foil was carefully placed on the thin RCP film prepared and sandwiched between 

two glass slides with the help of a pair of binder clips to induce uniform pressure. The whole 

set up then heated over 120°C for 12 h to induce capillary force lithography (CFL). The film 

then cooled down to room temperature, and the foil was removed carefully. Based on the 

thickness of the film and the intensity of the applied pressure, different types such as inverted 

“”, “u” shaped or complete negative replica of the stamp can be achieved.[52] Over this 

patterned RCP film, PS-PMMA blend was coated at 2500 rpm for 2 min from 1% toluene 

solution.  

2.6 Characterization 

Surface morphology of the samples was analysed using atomic force microscopy (AFM, 

Bruker, Innova series) using sharp-edged antimony doped silicon tips (TESPA-V2, Bruker) 

having a resistivity of 0.01-0.025 Ohm-cm, frequency 320 kHz, and force constant 42 N/m. 

The scan rate was maintained at 0.7-0.8 Hz in tapping mode. Raman spectroscopy was 

performed using the Laser micro-Raman system (Horiba Scientific, LabRam HR evolution 

Raman spectrometer) using a 532 nm laser beam. Thermogravimetric (TGA) analysis was 

performed using TG 209 F1 Libra, Netzsch, Germany, with sample amount of about 10 mg and 

a heating rate of 10°C/min under nitrogen gas flow (purge: 40 mL/min, protective: 20 mL/min) 

in an alumina crucible. DSC was performed under nitrogen condition using DSC 3500 Sirius 

Netzsch, Germany. TGA was also performed in the aerial condition of the experiments and the 

results are shown in section S1 of the Appendix 3. The thickness of the composite bilayer films 

was measured using ellipsometer (EP3 Nanofilm, Accurion, Germany) with a Cauchy model 

for fitting the data. 
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Table 2.1: Film thickness obtained from ellipsometer (all the concentrations are in wt. %). 

 

 
*spin dewetted structures, # overall polymer concentration that includes both PS and PMMA.  

 

3. RESULTS AND DISCUSSIONS 

Before going on to describe the morphological evolution of the thin film in the bilayer polymer 

settings and the complex patterning, it is vital to discuss few parameters such as dissolution 

characteristics of the polymers, extent of degradation of the polymers due to RTA etc. which 

is relevant to this study and will be corroborated at the appropriate places. 

3.1   Dissolution characteristics 

A known amount of each polymer (PS, PMMA, and PS-r-PMMA) was taken in a specific 

amount of toluene, and the weight of the polymer was monitored with time. The solvent was 

decanted before each weight measurement, and the left-over polymer was dried in a vacuum 

desiccator. The percentage weight loss per ml of solvent was estimated, and the whole process 

was performed with and without stirring conditions. The dissolution characteristics (Figure 

2.2) reveal that within 2 min the percentage dissolution of polymer is less than 1% per ml of 

pure toluene even in stirring conditions. This ensures that the dissolution of underlying polymer 
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thin film during the spin coating of the second layer is almost negligible, given that the polymer 

solution used during second spin coating is in the order of µl range, loaded with 1% polymer.  

 

 

Figure 2.2. %weight loss/ml of toluene for PS, PMMA and PS-r-PMMA (RCP) (a) with 

stirring (b) without stirring. The error is significantly less in the experiment. 

3.2 Chemical stability of polymers 

As the fast thermal dewetting process involves very high temperatures, it is essential to 

characterize the extent of polymer degradation due to RTA. To characterise this, 

Thermogravimetric analysis (TGA) and Raman spectroscopic study were performed on the 

polymer sample. 

Thermogravimetric Analysis (TGA): Thermal stability of PS, PMMA and RCP was 

investigated by thermo-gravimetric analysis (TGA). TGA curves of all samples are shown in 

Figure 2.3(a-c). Figure 2.3a shows one-step decomposition for PS with onset temperature of 

~ 350°C and end temperature of 430 ºC. In the case of PMMA, two prominent decomposition 

steps were observed with first mass loss of approx. 40% (from ~250°C to 310°C) and second 

mass loss of approx. 60% (from 310°C to 430°C). Degradation at ~ 270°C is attributed mainly 

due to the cleavage of the unsaturated ends primarily resulting from the disproportionate 

termination.[53,54] Degradation at higher temperatures is due to the random scissions of the 

main PMMA chain. RCP, On the other hand, showed a single decomposition step starting from 

310°C to 410°C. Even though RCP possesses PS and PMMA components, a single 
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decomposition temperature of RCP is due to the strong covalent bond present between PS and 

PMMA domains. The TGA at the experimental condition also shows that the polymers are 

stable till 300 °C (see Appendix 3). DSC results are shown in Figure 3.3(a-c) also supports 

this observation. 

 
Figure 2.3. TGA (blue line) and DSC (red line) for (a) PS (b) PMMA and (c) random PS-b-

PMMA. 

RAMAN Spectroscopic Analysis: PS contains both aliphatic and aromatic C-H groups in its 

structure. The characteristic peaks of polystyrene were observed between 3200-2800 cm-1 in 

Raman spectra (Figure 2.4a). The peaks at 2900 cm-1 and 2852 cm-1 belongs to the tertiary CH 

stretching and CH2 stretching respectively. The strong peak at 3050 cm-1 was attributed to C-

H stretching of aromatic ring.[55,56] Raman spectra of PMMA displayed a broad band at 2952 

cm-1 (Figure 2.4b). This band is attributed to CH stretching, which is the most prominent 

characteristic peak of PMMA.[57]It can be observed from Figure 4(a,b) that both PS and 

PMMA exhibited a reduced Raman intensity (a.u.) after RTA at the identical peak positions. 

Figure 2.4c shows the mixed characteristic peaks of PS and PMMA at 3050 cm-1 and 2952 

cm-1, respectively for RCP[58] and the peak positions and intensity did not change after thermal 

annealing due to the presence of strong covalent bonds among the individual polymer domains 

and it further confirmed the thermal stability of the polymers during RTA.  
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Figure2.4. Raman Spectra for (a) PS (b) PMMA and (c) random PS-r-PMMA. 

3.3   Blend over PS underlayer 

It is important to examine the morphology of the spun-cast film before thermal annealing, to 

check the stability of the bilayer film. First and second rows of Figure 2.5 show the topography 

images from AFM at the different stages (as-cast, thermally annealed, acetic acid treated and 

cyclohexane treated) of PS/PMMA blend over the thin (~ 17 nm) and thick (~ 54 nm) PS film, 

respectively. It should be noted that before the spin coating of the second layer, the first PS 

layer was left for 12 h in a vacuum desiccator to remove the solvent from the film. During spin 

coating of the PS/PMMA blend solution (upper layer) over the dry PS film, there is a possibility 

that the toluene from the spin coated polymer blend layer might diffuse through the PS 

underlayer and soften or dissolve the film. However, the duration of the spin was merely 2 min 

and within that time span, the diffusion through the underlying polymer layer to reduce the 

viscosity of that layer was almost negligible. To validate this fact, one experiment was 

performed with the striped pre-patterned underlying RCP polymer film, on top of which 

polymer blend solution in toluene was spin coated at identical conditions of all the other 

experiments. At this stage, AFM revealed the flat morphology of the top PS/PMMA blend  

film. Upon selective solvent etching of polymer, the underlying directional striped pattern was 

revealed. This implies that the second spin coating of the polymer blend did not disrupt or 

dissolve the underlying polymer. That being stated, it is undeniable that there must be some 

degree of mixing between top and underlying layers, but that might be negligible due to short 
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duration of spin coating and fast evaporation of solvent from the top layer. A dissolution study 

in Section 3.1 revealed that the percentage loss of the polymer is ~ 0.5%/ml, ~1%/ml and ~ 

0.2%/ml of toluene within 2 min in stirring condition for PS, PMMA and RCP respectively 

(Figure 2.2). 

Table 2.2: Number density (/µ𝑚2), Wavelength (µ𝑚) and average diameter (µ𝑚) of bilayer 
system. 

 

Induced by rapid evaporation of solvent, during spin coating of the upper layer, the polymers 

phase separated and led to the formation of isolated PMMA islands embedded in the PS matrix. 

The PMMA islands were protruded out of the PS matrix with height of ~ 20–25 nm (Figure 

2.5 e, e1). The  Hildebrand solubility parameters for PS, PMMA and Toluene are 𝛿𝑃𝑆 =

9.1 cal1/2 cm-3/2, 𝛿𝑃𝑀𝑀𝐴 = 9.3 cal1/2 cm-3/2, 𝛿𝑇𝑜𝑙 = 8.9 cal1/2 cm-3/2 respectively.[59,60] The 

relatively close values of the Hildebrand parameters of PS and toluene suggest that PS has 

more tendency to be solubilised in toluene compared to PMMA. This is corroborated by the 

macroscopic dissolution study, discussed earlier in Section 3.1. The PMMA chains get 

deprived of toluene due to lesser affinity and get solidified in the form of mounds thereby 

forming sea-islands like morphology. This PMMA mounds in PS morphology was verified by 

dissolving the PMMA phase preferentially by immersing the sample in acetic acid for 5 min. 

The morphology of the PMMA removed sample (Figure 2.5 e2) revealed that the continuous 

matrix of PS comprised of holes having depth of ~ 10 - 20 nm, which were filled with the 

PMMA before washing with acetic acid.[61–63]   

 Blend over 17 nm PS under layer Blend over 53 nm PS under layer 

After spin coating 

(PMMA mounds) 

After RTA 

(PS mounds) 

After spin coating 

(PMMA mounds) 

After RTA 

(PS mounds) 

Number 

density(/µ𝐦𝟐) 

0.725 0.09 0.96 0.075 

Wavelength

 (µ𝐦) 

1.27 ± 0.27 3.29 ± 0.67 1.31 ± 0.27 4.25± 0.66 

Average 

diameter (µ𝐦) 

0.85 ± 0.28 1.58 ± 0.49 0.61 ± 0.18 2.11 ± 0.32 
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The number density, wavelength and average diameters of the embedded mounds of PMMA 

were found to be around 0.725/µm2, 1.27 ± 0.27 µm and 0.85 ± 0.28 µm, respectively on the 

thinner PS underlayer and almost similar feature characteristics (number density (0.96/µm2), 

wavelength (1.31 ± 0.27 µm) and average diameters (0.61 ± 0.18 µm)) were obtained from 

thicker PS underlayer. PMMA in air has marginally higher surface tension (𝛾𝑃𝑀𝑀𝐴 =

29.2 𝑚𝐽/𝑚2) compared to PS (𝛾𝑃𝑆 = 28.9 𝑚𝐽/𝑚2)[64] which leads to the formation of small 

isolated mounds of PMMA on PS. 

 

Figure 2.5.  The AFM images for blend over 0.5% PS underlayer after (a) spin coating (b) 

RTA (c) acetic acid and (d) cyclohexane treatment. Similarly, AFM scans of 20 µm x 20 µm 

for blend over 1% PS underlayer after (e) spin coating (f) RTA (g) acetic acid and (h) 

cyclohexane treatment. The e1 and e2 are the AFM images showing morphology after spin 

coating (similar to e) and after immersion in acetic acid, respectively. A schematic of the 

morphological evolution of blend over PS underlayer during RTA is shown in (i). The 

correcponding phase contrast image can be found in Appendix 3. 

During RTA, as both the polymers were in molten state at this high temperature of ~ 300 

°C, the PMMA phase preferentially wetted the underlying silicon oxide surface due to its 
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higher affinity to PMMA compared to PS.[65,66] At this stage, the inversion of the 

morphology took place and isolated PS mounds were formed and embedded within the PMMA 

matrix (Figure 2.5b, 2.5f). Figure (2.5c, 2.5g) and Figure (2.5d, 2.5h) shows the preferentially 

removed PMMA and PS domains from thermally annealed film (Figure 2.5b, 2.5f) by washing 

it in acetic acid and cyclohexane respectively. These figures ascertain that indeed the 

morphological phase inversion took place. Similar phase inversion behaviour of PS/PMMA 

system was reported earlier while thermally annealed at ~156°C for more than 85 min in 

contrast to present work.[61] The number density, wavelength and average diameters of the 

morphology are summarised in Table 2.2. From Table 2.2, it is clear that after RTA, the 

morphological characteristics of the PS mounds although appear similar, but the underlying 

arrangement of PS domains within PMMA matrix is different in case of thin (Figure 2.5d) and 

thick (Figure 2.5h) PS underlayer. The area coverage by the base of the PS mound is ~ 17.41 

% and of labyrinth like structure for sample with low PS fraction (relatively thin PS 

underlayer), whereas, the same for the thick PS underlayer is about 28.11% with irregular 

circular structure.  

Along with that, from the Table 2.2 it is clear that the number density is slightly higher and 

the wavelength is smaller for PS domains after RTA in case of thin PS underlayer than its 

thicker analogue. It is already known that the dewetting wavelength (𝜆) of a thin polymer film 

in air is a function of its thickness h as 𝜆~ℎ . Thus with increasing film thickness the 𝜆 increases 

and number density decreases.47 We suspect that in this bilayer system, similar spinodal 

decomposition like phase separation took place in case of thin and thick PS underlayer. The 

wavelength of spinodal decomposition thus smaller for thinner PS underlayer with smaller 

footprint of the PS domains. 

3.4 Blend over PMMA underlayer  
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Unlike the PS underlayer, PMMA stabilised the uniform film of PS/PMMA blend, irrespective 

of the underlying PMMA film thickness (Figure 2.6a, 2.6e) due to the marginally higher 

surface energy of PMMA compared to PS. First and second rows of Figure 2.6 represent thin 

(~ 20 nm) and thick (~ 47 nm) PMMA underlayer at different stages of treatment of the 

blend/PMMA bilayer. The uniform bilayer film upon RTA, forms interconnected PS mounds 

protruded out of PMMA matrix due to the higher affinity of PMMA towards the silicone oxide, 

PMMA remained adhered with the substrate and allowed PS to reorganise in the PMMA 

matrix.  

These interconnected PS mounds appear as small ribbon-like structures. As the overall 

fraction of the PMMA is lower for Figure 2.6b compared to the Figure 2.6f, there are larger 

numbers of smaller PS mounds observable in the former case. In Figure 2.6f, the PS mounds 

are submerged under the thick PMMA layer except for the few taller structures. The submerged 

smaller PS structures were revealed when both the samples, with thin and thick PMMA 

underlayer, were washed with acetic acid (Figure 2.6c, 2.6g). In case of thin PMMA 

underlayer, the smaller PS structures were visible even before washing with the acetic acid. 

This is evident from the characteristic length scales (average distance between two adjacent 

features) of the ribbon like structures, estimated from Figure 2.6b and Figure 2.6f, which are 

found to be 4.13 ± 1.21 µm and 6.48 ± 0.74 µm respectively. The features of the connected 

mounds imply that the phase separation was incomplete within this short period of RTA. The 

base footprints of the PS structures were revealed when washed with cyclohexane and as 

expected, the percentage coverage of the footprint of PS domain was found to be higher in thin 

PMMA underlayer compared to the thick PMMA underlayer due to higher PS fraction in the 

former case (Figure 2.6d, 2.6h). 
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. 

Figure 2.6. The AFM scans of 20 µm x 20 µm for blend over 0.5% PMMA after (a) spin coating 

(b) RTA (c) acetic acid and (d) cyclohexane treatment. Similarly, AFM scans of 20 µm x 20 

µm for blend over 1% PMMA after (e) spin coating (f) RTA (g) acetic acid and (h) cyclohexane 

treatment. A schematic of the morphology of PS/PMMA blend over PMMA after RTA is shown 

in (i). The correcponding phase contrast image can be found in Appendix 3. 

3.5 Blend over blend underlayer 

Coating of PS/PMMA blend over the thin (first row, Figure 2.7) and thick (second row, Figure 

2.7) PS/PMMA blend underlayer found topographically uniform (Figure 2.7a, 2.7e) with 

slight undulation of ~ 10 nm. When subjected to RTA, the prominent bicontinuous structure 

was observed in case of thin blend underlayer (Figure 2.7b), whereas somewhat isolated 

elongated mounds (Figure 2.7f) were noticed in case of thick blend underlayer. Washing with 

cyclohexane (Figure 2.7d, 2.7h) revealed that the topographically protruded bicontinuous 

structures in Figure 2.7b and isolated-elongated mounds in Figure 2.7f were of PS as depicted 

in schematic (Figure 2.7i). After removal of PMMA from dewetted film, by washing with 

acetic acid, the extent of continuity of the PS structures in Figure 2.7c and  Figure 2.7g were 

found more compared to that observed in Figure 2.7b and Figure 2.7f. This suggests that some 

fraction of the connected structure of PS was submerged under PMMA after RTA. PMMA has 

inherent tendency to be adhered to the silicone oxide substrate compared to PS. During RTA, 

the phase separation of the PS and PMMA was incomplete and formed the bicontinuous phase 

as far as thin underlayer was concerned. On the other hand, relatively more phase separation 
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occurred for the thicker underlayer compared to the thinner one. This implies that the apparent 

viscosity of the polymer blend near the substrate is much reduced in case of thicker underlayer 

compared to the thinner blend underlayer.[67] 

Figure 2.7. AFM scans of 20 µm x 20 µm for blend over 0.5% blend after (a) spin coating (b) 

after RTA (c) acetic acid treatment and (d) cyclohexane treatment. Similarly, AFM scans of 20 

µm x 20 µm for blend over 1% blend after (e) spin coating (f) RTA (g) acetic acid treatment 

and (h) cyclohexane treatment. A schematic of the morphology of PS/PMMA blend over blend 

after RTA is shown in (i). The correcponding phase contrast image can be found in Appendix 

3. 

 

3.6 Blend over RCP underlayer  

In case of PS-r-PMMA (RCP) underlayer, irrespective of the underlayer thickness, the 

morphology of the upper PS/PMMA blend surface after the spin coating was almost uniform 

but with small undulation (~ 12 nm) having bicontinuous like structure (not evident from the 

Figure 2.8a or Figure 2.8c due to larger depth scale (-250 nm to 250 nm)). This smaller length 

scale bicontinuous structure also contains some isolated domains of dot like structures.  This 

suggests that the underlayer RCP self-organises with smaller length scale and that influences 

the upper PS/PMMA blend to phase separate with smaller length scale, i.e. the underlying 

bicontinuous pattern of RCP bleeds through the upper PS/PMMA blend layer. 

The samples when subjected to RTA, the upper blend layer phase separates and forms larger 

PS droplet like structure in PMMA matrix. Within the underlayer, RCP domains also self-
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assemble to form isolated PS dot like structure within PMMA matrix. The smaller length scale 

of the morphology within this underlayer is attributed to the restrictive movement of the 

polymers due to tethering between the PS and the PMMA blocks. The self-organisation and 

phase separation of PS in underlayer with larger domain would cost the fission energy of the 

covalent bonds. This energy penalty of bond fission is huge compared to the global energy 

minimisation of the system by the preferential wetting of silicone oxide by PMMA against PS. 

Thus, underlayer RCP maintained the smaller length scale and optimised reorganisation 

keeping the bonds among the PS blocks and the PMMA blocks intact.    

 When the thermally annealed blend/RCP bilayer samples (Figure 2.8b,2.8f) were 

washed with selected solvent to remove particular polymer preferentially, fascinating 

hierarchical morphology with two different length scales was obtained. Relatively smaller 

length scale structures emerged from the underlying RCP layer, whereas, morphology with 

large length scale was dictated by the upper blend layer. Upon selective extraction of PMMA 

from the blend/RCP bilayer film using acetic acid, the large mound structure (from blend) as 

well as small tiny droplets of PS (from RCP) remained over the Silicon oxide substrate (Figure 

2.8c, 2.8g). This itself produce two different length scales of the morphology (L1 ~ 4 µm and 

L2 ~ 780 nm) for both thin and thick underlayer. Similarly, when selective dissolution of PS 

was performed by immersing the bilayer sample into cyclohexane, the remnant PMMA 

morphology revealed a smooth surface with rim enclosed regime. The rim enclosed regime 

indicates the footprint of the PS droplet, which was present earlier before washing with the 

cyclohexane. It is also interesting to note that the enclosed rim area contains a few tiny droplets 

like morphology of PMMA. This intrigued us to examine this surface more closely and we 

hypothesised that a very thin layer of PMMA (from blend) made a protective layer upon the 

RCP underlayer. During this process, it might also be possible that PS from blend also remain 

adhered to some of the PS segments from the RCP. Large mounds of PS, (from blend only), 

TH-2803_156107005



Chapter 2 

 

52 

 

were residing on top of the protective layer of PMMA and protruded out of the PMMA matrix. 

This justify the fact that after washing the thermally annealed sample with cyclohexane, inside 

the rim, tiny droplet like structures were observed. These small droplet-like structures are 

smaller PS structures from RCP covered with the PMMA protective layer. Outside the rim, 

thick PMMA layer from the blend forms the matrix. So, at this stage (Figure 2.8d, 2.8h), if the 

sample is treated with acetic acid, to remove the protective PMMA layer, it should reveal the 

underlying PS morphology from the RCP. We washed the sample with acetic acid and indeed, 

there exists small PS domains within closed circular trench just in the position of the PMMA 

rim (Figure 2.9) and also outside the rim.  

Based on the rich morphology obtained by the combination of the RCP and the blend 

of the constituent polymers, as discussed above, we opted to fabricate a complex hierarchical 

ordered morphology by employing soft lithographic technique.  

Figure 2.8. AFM scans of 20 µm x 20 µm for blend over 0.5% RCP after (a) spin coating (b) 

RTA (c) acetic acid treatment and (d) cyclohexane treatment. Similarly, AFM scans of 20 µm 

x 20 µm for blend over 1% RCP after (e) spin coating (f) RTA (g) acetic acid treatment and (h) 

cyclohexane treatment. A macroscopic schematic of PS/PMMA blend over RCP after RTA is 

shown in (i). The correcponding phase contrast image can be found in Appendix 3. 
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Figure 2.9. (a) Depicts AFM image of composite thin film of blend over RCP underlayer after 

RTA and after washing with the cyclohexane (PS removed). This sample was washed with 

acetic acid (protective layer of PMMA removed) and corresponding AFM image is shown in 

(b). (b1) is the SEM image showing the PS remnant from RCP, which was protected by the 

PMMA layer. A circular rim, which gives the impression of the footprint of a PS droplet 

surrounded by a PMMA rim. A segment of the rim is shown in the magnified image (b2) and 

the morphology of the PS remnant is portrayed in the magnified image (b3). The red scale bar 

at the top right corner is 200 nm for b2 and b3 and 1 µm for b1. (c) schematics of the thermally 

annealed blend/RCP layer, after cyclohexane treatment (CH wash) and after acetic acid wash 

(AA wash) are depicted. 

3.7   Complex Hierarchical Patterning 

A thin RCP film of ~ 49 nm was prepared from 1% (weight percentage) toluene solution on a 

silicon wafer and kept in a vacuum desiccator for 12 h so that the excess solvent was 

evaporated. A flexible aluminium stamp having alternate stripe and groove with periodicity of 

1.5 µm was placed over the film and sandwiched between two glass slide with a clamp and 

was kept inside an oven above the glass transition temperature (Tg ~ 96°C) for 16 h. Above Tg, 
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due to low viscosity and increased mobility, the liquid RCP partially filled the empty space of 

the groove of the stamp. Depending on the pressure applied and the thickness of the parent 

RCP film, different patterned morphology can be obtained by this capillary force lithography 

(CFL) method. Upon cooling to room temperature, the imprinted pattern was solidified in RCP 

layer (Figure 2.10a). On this double stripe patterned RCP, 1% PS/PMMA blend solution in 

toluene was spun coat. Although premature, but at this stage itself, wherever the film thickness 

is less, few holes were formed and these holes were vaguely guided by underlying patterned 

RCP layer (Figure 2.10b). Next, RTA of this composite bilayer film-initiated phase separation 

and morphology revealed that the PS mounds protruded out of the PMMA matrix (Figure 

2.10c). During RTA, a few phenomena happened almost simultaneously: 

• First, the double humped striped structures of RCP merged and formed a single striped 

pattern of RCP. 

• Second, a thin protecting layer of PMMA covers the patterned RCP layers but with ruptures 

at the protruded ridges, exposing the underlying RCP to the PS and PMMA of the blend. 

• Third, on this PMMA, large dewetted PS mounds were formed, surrounded by rims of 

PMMA.  

Washing of PS with cyclohexane leads to the formation of complex multiscale patterns - 

aligned elongated drop (width ~ 700 nm) like morphology with smaller length scale of ~1.5 

µm and ring like structure of diameter ~ 3.5 µm having larger separation distance of ~ 6.4 µm 

(Figure 2.10d). Selective removal of the PMMA from the thermally annealed sample reveals 

PS droplet of height about 190 nm and diameter of ~ 3.5 µm (Figure 2.10 e2) in the background 
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of aligned and elongated PS droplet (originated from the underlying RCP) of smaller length 

scale (periodicity ~ 1.5 µm, Figure 2.7e1).   

 

Figure 2.10. The AFM scans for (a) patterned RCP under layer (b) coating of blend upper 

layer (c) after RTA (d) after cyclohexane treatment and (e) after acetic acid treatment. 

Corresponding line scan is shown in a1, b1, c1, d1, e1 and in e2. 

 

4. CONCLUSIONS 

In this chapter, for the first time we have uncover the rich morphological evolution of 

PS/PMMA blend polymer on labile PS-r-PMMA up on rapid thermal annealing at high 

temperature. A thin protective layer of PMMA from blend wets the underlying RCP and on 

this thin layer, PS from blend forms dewetted mounds like structure. Apart from this important 

findings, morphology of blend polymer upon spin coating and subsequent RTA was 

systematically discussed while underlayer is of PS or PMMA or PS/PMMA blend. It is found 

that while PMMA underlayer stabilise the PS/PMMA blend polymer, PS underlayer promotes 
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spin dewetting of the blend layer. Upon RTA, the phase inversion took place on PS underlayer 

system as reported earlier by Li et.al.[61] In the present report, however, the annealing 

temperature was high (~300°C) enough to reduce the morphological evolution time  (~12-15 

min). Here we probed the kinetically driven fast morphological evolution of the polymer thin 

film in bilayer settings. Finally, an easy and low-cost fabrication avenue for multi length-scale 

complex patterns were demonstrated exploiting the fast evolution of PS/PMMA blend over 

topographically patterned RCP layer while subjected to RTA. From this PS-PMMA 

combination, only by switching the selective solvent to etch out one polymer component, one 

can fabricate complementary patterns. The methodology described will be helpful for complex 

lithography of soft functional polymers with micro/nano scale features that appeal to many 

industrial and technologically challenging applications. 
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GRAPHICAL ABSTRACT 

 

ABSTRACT 

The present study focusses on the phase separation of polymer blend over a labile underlayer 

of homopolymer. The upper layer was a blend of polystyrene (PS) and polymethyl 

methacrylate (PMMA) and underlayer was polystyrene (PS). The non-equilibrium phase 

separation was observed due to rapid loss of solvents during the spin coating. The ratio of 

PS:PMMA ratio was altered in upper layer. The study also focuses on ordering of the phase 

separated domains. This was successfully achieved by using capillary force lithography (CFL) 

to pattern the underlayer. Orderly phase separated domains of the blend PS/PMMA was 

achieved when spun coated over patterned PS underlayer.  

Keywords: polymer blend, polystyrene, polymethyl methacrylate, bilayer, capillary force 

lithography (CFL) 

Chapter 3 

Phase separation in polymer 

bilayer system: role of variation 

in PS: PMMA Ratio and 

ordering of phase separated 

domains   
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1. INTRODUCTION 

The phase separation in polymer blend thin films is a thermodynamic process. The final 

morphologies is dependent upon a lot of factors like  polymer solvent interactions,[1] polymer 

substrate interactions,[1] molecular weight,[2] evaporation rate of solvent,[3,4] etc. For binary 

polymer blends the relative concentrations of polymers coupled with rapid evaporation give 

rise to a variety of phase separated domains.[5,6] The final morphologies obtained are far from 

the equilibrium and generate random patterns.  

 Many studies have been reported for the generation of orderly patterns of phase 

separated domains. These reports often utilize a synergistic approach by combining the phase 

separation in polymer blends with conventional lithographic process like Dip pen lithography, 

[7] nano imprint lithography (NIL),[8] capillary force lithography (CFL),[9] breadth figure 

technique.  Moreover, chemically [10] or topographically [11]  patterned substrates can also 

be used to create orderly arrangements.    

The present study is a detailed report on the phase separation in polymer bilayer system. 

The upper layer was a blend PS/PMMA and underlayer was polystyrene (PS). The ratio of 

PS:PMMA was changed in upper layer while keeping the under layer unaltered.  The rapid 

evaporation of solvent, coupled with variation in the concentration of individual polymers 

engendered a variety of complex morphologies. Next objective of the work was to align the 

phase separated domains using synergies of capillary force lithography and phase separation 

in polymer blends.  

2. MATERIALS AND METHODS  

2.1 Preparation of polymer solutions  
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Separate solutions of polymers, polystyrene (PS, Sigma Aldrich, Mw = 1,92,000) and 

polymethyl methacrylate (PMMA, Sigma Aldrich, Mw = 1,20,000) were prepared in toluene. 

The concentration of polymers solutions was fixed at 1%. These polymers are mixed in various 

proportions to form a homogenous blend of PS and PMMA.  

2.2 Preparation of polymer bilayer 

At first, silicon wafers (1 cm x 1 cm) were thoroughly cleaned using various solvents and 

Piranha solutions (H2O2 : H2SO4::20: 80). Proper safety protocol was followed while handling 

the chemicals and reagents. Next, the cleaned and nitrogen dried silicon wafers were firmly 

placed over a chuck of a spin coater. A copious amount of 1% polymer solution was dispensed 

over the silicon wafers and rotated at a constant spin speed of 2500 rpm for 2 mins. The samples 

were placed in a vacuum desiccator and the solvent was allowed to evaporate for 12 h. Next, 

the previously prepared polystyrene films were spin-coated with pre-prepared blend 

solutions.The complete process is depicted in Figure 3.1.  

 

Figure 3.1. The schematic experimental procedure was shown here. A thin 53 nm polystyrene 

(PS) film was spun coated over silicon wafer at 5000 rpm for 2 min (a). After 12 h blend PS: 

PMMA in toluene was next spun coated over previously coated PS layer (b). Next, AFM scans 

captured (c).  

2.3 Preparation of orderly arrangements  

Capillary force lithography was used to fabricate patterned underlayer. Aluminium foils were 

used as thin flexible molds. These foils have stripes alternate lines of grooves and crests with 

periodicity, width and height of about 1.6 µm, 800 nm and 120 nm respectively.[12] The 

aluminium foils were peeled off from the compact disks (CDs) and placed over the cleaned 
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silicon wafer was spin coated with PS solution as mentioned previously. Before this assembly 

was heated at 120ºC, it was firmly sandwiched between two glass slides and firmly clamped 

with binder clips.  After 12 h, the whole assembly was cooled to room temperature and later 

dismantled. [13] The prepared patterned underlayer was then spun coated with a thin layer of 

blend (PS: PMMA: 50:50) at 2500 rpm for 2 min. The bilayer system prepared was then 

characterized using atomic force microscopy.  

2.4 Characterization  

The films surface was characterized using atomic force microscopy (AFM, Bruker, Innova 

series) using sharp-edged antimony doped silicon tips (TESPA-V2, Bruker) with a resistivity 

of 0.01-0.025 Ohm-cm, frequency 320 kHz and force constant 42 N/m. The scan rate was 

maintained at 0.8 Hz in tapping mode. The film thickness was measured using ellipsometer 

(EP3 Nanofilm, Accurion, Germany) and Cauchy model was used as fitting model.  

 

 

Figure 3.2. The schematic experimental procedure was shown here to generate orderly 

arrangement of phase separated structures. A thin 53 nm polystyrene (PS) film was spun coated 

over silicon wafer at 5000 rpm for 2 min (a). The capillary force lithography was performed 

at 120°C over the prepared PS underlayer (b-c). Next, the blend PS: PMMA ::50:50 was next 

spun coated over previously coated patterned PS layer (d).  

3. RESULTS AND DISCUSSIONS 

Figure 3.3 shows the AFM images obtained after the spin coating of blend over PS underlayer. 

Keeping the underlayer intact, in the upper layer the PS:PMMA ratio was altered. For the case 
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when the PS to PMMA ratio in blend was fixed at 20:80, peculiar patterns exhibiting 

interconnected ribbons with contorted raised domains were observed as shown in Figure 3.3 

(a). The height of the raised protrusions was around ~ 20 nm (Figure 3.3 (a1)).  Later when 

immersed in acetic acid for 10 mins, PMMA domains were removed. The irregular protrusions 

disappeared and the remaining PS layer was found to contain holes. This confirmed that the 

irregular protrusions were of PMMA and are embedded into the PS matrix (Figure 3.3 a2). 

The toluene dissolves both PS and PMMA. However, toluene shows more affinity towards PS 

than PMMA. It is evident from the Hildebrand solubility parameters for PS, PMMA and 

Toluene are 𝛿𝑃𝑆 =9.1cal1/2 cm-3/2, 𝛿𝑃𝑀𝑀𝐴 = 9.3 cal1/2 cm-3/2, 𝛿𝑇𝑜𝑙 = 8.9 cal1/2 cm-3/2 

respectively.[14] During local evaporation of the solvent the PS chains are still swelled retained 

toluene while PMMA chains gets solidified due to rapid loss of solvent. Upon prolonged 

evaporation, the PS chains lose the solvent. Due to the loss of solvents in PS chains, the 

swelling of PS chains is also reduced. This resulted in protruded PMMA domains with sharp 

edges.[1] 

 

Figure 3.3. The AFM images obtained after spin coating of blend layer over PS under layer. 

Three PS:PMMA ratio of blend were (a) 20:80; (b) 50:50 and (c) 80:20. The corresponding 

line scans are shown in a1-c1. The AFM image obtained after dissolution of PMMA from the 

bilayer system with PS:PMMA ratio 20:80. 
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Next, when the PS:PMMA ratio was increased to 50:50, cylindrical polymeric were 

obtained. The height, width, wavelength and number density of these domains were ~ 25 nm, 

~ 650 nm, 1.3 μm and ~ 0.83 μm-2 respectively.  When the ratio of PS:PMMA increased to 

80:20, the width and wavelength of the cylindrical polymer domains reduced to ~ 450 nm and 

0.90 μm. Moreover, the number density increases to ~ 1.45 μm-2. However, there was marginal 

changes in the height of the polymeric domains and thus engendering spike-like morphologies. 

This confirms that the individual concentrations of the polymers in the blend have the direct 

impact on the final morphologies after phase separation.   

Next, a synergistic approach was utilized to generate orderly arrangement. For this 

capillary force lithography was utilized to fabricate a patterned PS underlayer. The flexible 

mold used here was aluminium foil peeled off from the CD and firmly placed over the thin 

film of PS. The system was heated to a temperature higher than the glass transition temperature 

of the polymer. This induces the mobility in the polymer chains and resulted in the filling up 

of the cavities inside the mold. After the process the system is cooled to room temperature and 

the whole assembly was dismantled. Through this process stripes were created on the PS 

underlayer. The height, width and wavelength of the stripes was obtained was ~ 120 nm, ~ 1.5 

μm and ~1.5 nm respectively (Figure 3.4 a1). The blend (PS: PMMA :: 50:50) was then spin 

coated over the prepatterned PS underlayer this assisted in the generation of orderly 

arrangements of PMMA protrusions with height of 30 nm (Figure 3.4 b). The corresponding 

line scans is shown by Figure 3.4 b1.  
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Figure 3.4. A thin 53 nm polystyrene (PS) film was spun coated over silicon wafer at 5000 rpm 

for 2 min (a). The capillary force lithography was performed at 120°C over the prepared PS 

underlayer (b-c). Next, the blend PS:PMMA::50:50 was next spun coated over previously 

coated patterned PS layer (d).  

4. CONCLUSIONS 

Non-equilibrium phase separation occurs due to rapid evaporation of solvent during spin 

coating. The loss of solvent causes solidification of polymer chains before achieving 

equilibrium. The blend upper layer tends to phase separate due to rapid evaporation of solvent 

and presence of marginally low surface energy PS underlayer. Moreover, by altering the ratio 

PS: PMMA, labyrinthine type or sea-island morphologies.  Later, the PS underlayer was 

patterned using CFL and thus used to generate orderly arrangements of the phase-separated 

domains. 
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GRAPHICAL ABSTRACT 

 

ABSTRACT  

Fabrication of multiple-length scale structures is a challenge and the reported methods are often 

tedious, costlier and time consuming. To overcome these difficulties a facile approach is 

presented here that uses synergies of phase separation in polymeric bilayer system, capillary 

force lithography (CFL) and rapid thermal annealing (RTA).  The upper layer used here is a 

blend of polystyrene (PS) and polymethyl methacrylate (PMMA) in toluene, and under layer 

was patterned random copolymer (RCP) consisting of PS and PMMA blocks. The under-layer 

RCP was patterned using CFL. It has been found that upon phase separation in blend upper 

layer, coarser domains were obtained. On the contrary phase separation RCP under layer 

resulted in smaller structures. Also, in our study we report that, the phase separation rate was 

enhanced by rapid thermal annealing (RTA) at high temperature of ~300°C. Later, by using 

selective solvent etching of polymers, complex yet intriguing patterns were obtained.  The 

method offers an inexpensive, faster and straightforward pathway to generate multiple length 

scale structures.  

Keywords: Hierarchical structures, Blend, Random copolymers, Capillary force lithography, 

Rapid Thermal Annealing. 

   Chapter 4 

Multiple length scale 

structures formation using 

synergies of capillary force 

lithography and polymer 

bilayer system  
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1. INTRODUCTION  

The properties of polymers like the interaction of chains with photons/electrons or the 

or phase separation in blend/copolymer systems open the avenue for numerous patterning 

techniques. These techniques have been successfully utilized to generate exquisite 

mico/nanopatterns over the surface. A few examples of such techniques include 

photolithography,8,9 electrohydrodynamic (EHD) based patterning,10 electron beam 

lithography,11–13 micro-contact printing,14–17 dynamic contact line lithography based 

patterning,18 phase separation in polymer blends or copolymers,19–22 etc.  

The phase separation in polymer blends and copolymer stands out among all reported 

techniques in terms of low-cost fabrication of patterns.  Phase separation in polymer blend or 

copolymer films is a thermodynamic process that can be altered on demand to meet the 

requirement of the micro/ nano fabrication. The fabrication of domains of the order of few 

nanometres is done by copolymers (a particular class of polymers that is synthesized using 

more than one monomer).23,24 The typical morphologies obtained after phase separation 

copolymers are cylindrical, lamellar, and bicontinuous.20  For coarser domains , a blend (a 

homogeneous solution of two or more chemically dissimilar polymers in a common solvent) 

is used. The morphologies obtained after phase separation in polymer blends are sea-island 

(droplets of one polymer inside the matrix of another) and labyrinth type (interconnected 

ribbons of both the polymers lie side by side).25,26 To achieve orderly polymeric structures in 

blends, phase separation is often coupled with other techniques like capillary force lithography 

or by using patterned substrate.27–30  

  However, generating bio-inspired patterns with multiple length scales through 

conventional methods is challenging, time-consuming, and expensive due to the involvement 

of sophisticated, costly equipment! It is required to find alternative and innovative fabrication 
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methods that are simpler than conventional methods.  The phase separation in polymer blends 

and copolymers can be successfully be utilised to generated bio-inspired multiple length scale 

structures. For instance, Byun et al. introduced PS and PMMA in toluene using sphere-on-flat 

geometry. The study showed that fused silica lens with a radius of curvature ~ 2 cm to spread 

a drop of blend in the form of lines. As the solvent is evaporated, phase separation is induced, 

creating highly ordered domains.31 Kim et al. reported simultaneous phase separation in 

copolymer and homopolymer that resulted in orderly patterns with two different length scales. 

In this system the phase separation in block copolymer results in smaller phase separated 

domains whereas dewetting in homopolymer results in larger domains.32 Albeit use of block 

copolymer still makes the process costlier. 

Alternatively, the capillary force lithography (CFL) is a soft lithographic technique that 

involves firmly placing a flexible stamp or mould over a thin polymer film. The efficacy of 

CFL lies in the interaction of solid walls of mould and polymer. When mould is placed over 

the polymer film, and the temperature was raised above the glass transition temperature TG of 

the polymer, the polymer fills the cavity in the mould. Later, when the polymer solidifies upon 

cooling and subsequent mould removal generates a negative replica of the mould. Thus, CFL 

provides a simple and cost-effective alternative to conventional lithographic techniques. 

Mukherjee and co-workers, in their studies, reported the use of aluminum foil from compact 

disks as flexible mould. These aluminum foils contain strips with width, depth, and periodicity 

750 nm, 130 nm, and 1500 nm, respectively.33 Combining top-down and bottom-up techniques, 

capillary force lithography, and phase separation in the blend, Liu et al. applied a synergistic 

approach to generate complex patterns. The study incorporated replica moulding to generate a 

soft PDMS stamp having patterns with negative replica taken from DVD. These PDMS stamps 

were then firmly placed over the PS and PMMA blend. Subsequently, pattern transfer from 
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stamps to blend films occurs when a low pressure of 4 kPa and temperature of 180°C was 

applied for different time intervals. This resulted in strips containing polymer domains of both 

PS and PMMA.27  

To fabricate multiple length scale structures synergies of capillary force lithography 

(CFL), Rapid thermal annealing (RTA) and phase separation in blend and random copolymer 

(RCP) are used extensively in the present studies. The detailed study presented here is divided 

into three parts 1) phase separation in blend PS/PMMA over flat surface, 2) phase separation 

in patterned RCP layer over silicon wafer, and 3) phase separation in bilayer with upper layer 

being blend and under layer is a patterned RCP layer. The faster phase separation was assisted 

by rapid thermal annealing (RTA). The phase separation in blend over silicon wafer resulted 

in random domains. The phase separation in capillary force assisted RCP layer resulted in more 

order and smaller domains. Multiple length scale structures were fabricated by incorporating a 

polymeric bilayer system. The underlayer was blend PS/PMMA and underlayer is CFL assisted 

patterned underlayer. The polymer chain lengths in upper layer were larger as compared to that 

of under layer. The difference in the polymer chain lengths gives rise to hierarchical patterns. 

Also, the study present methods to generate orderly complimentary structures by the use of 

selective solvent etching.   

2. MATERIALS AND METHODS 

2.1 Preparation of solutions  

The solutions of PS and PMMA solutions in toluene were mixed thoroughly to form a 

homogeneous blend with a ratio of PS: PMMA in solution was maintained at 40:60. The overall 

polymer concentration was 1%. The solution was further diluted in three different 

concentrations with blend: toluene viz. 90:10, 50:50 and 10:90. Likewise, a suitable amount of 

PS-r-PMMA random copolymer (average Mw 1,00,000-1,50,000, styrene 40 mol%, Sigma 
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Aldrich) was dissolved in toluene to make a homogeneous polymer solution of concentration 

1 %. 

2.2 Spin coating and rapid thermal annealing in blend films  

The prepared solutions were separately spun coated (2500 rpm for 120 s) over thoroughly 

cleaned silicon wafers (N.J. International, India). The film thickness was measured using 

ellipsometry, and values are reported in Table 1. The samples were coded as A1, B1, and C1 

in the order of decreasing film thickness. The films were then placed in a petri dish at room 

temperature for 12 h to remove residual solvent. After 12 h, the films were subjected to rapid 

thermal annealing (RTA). In this step, the films were heated rapidly up to 300°C. The samples 

were allowed to remain at that temperature for the next 30 s. It might be possible that higher 

annealing temperature could degrade the polymers. However, due the shorter  time duration of 

the annealing process there was no appreciable degradation of the polymers as confirmed by 

Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and  Raman 

Spectroscopy.34  After annealing, the samples were allowed to cool by natural convection.  

Since the sample contains two polymers PS and PMMA, the next step is to remove one of the 

polymers keeping another polymer intact. One sample from each set was separately dipped in 

cyclohexane and acetic acid for 10 minutes to remove PS and PMMA, respectively. The 

residual solvent was removed by using a slow stream of nitrogen. In the final step, the samples 

were vacuum dried for 6 h at 60°C.  

2.3  Patterning and Rapid thermal annealing (RTA) in RCP film    

Next, the prepared solution was then spin-coated over thoroughly cleaned silicon wafers at 

2500 rpm for 120 s.  The thickness of the film was ~78 nm. Aluminum foils from compact 

disks were peeled and carefully placed over the RCP film prepared earlier. These foils are pre-
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patterned with parallel trenches having a width ( 𝑤𝑚) ~750 nm, depth (ℎ𝑚) ~130 nm and 

wavelength (𝜆𝑚) ~1500 nm.33 This arrangement was tightly sandwiched between two glass 

slides using binder clips. The whole assembly was placed in a vacuum over at 120°C for 12 h. 

The system was cooled to room temperature. Thereafter, the whole assembly was dismantled 

and binder clips, glass slides, and stamps were removed. These steps ensured that pattern 

transfer had occurred from stamps to the RCP films. The patterned RCP films were rapidly 

annealed and subsequently cooled down to room temperature. Later, the annealed RCP films 

were subjected to selective solvent etching.   

2.4 Fabrication and subsequent patterning in bilayer system 

The blend solutions were separately spin-coated (2500 rpm for 120 s) over the patterned 

RCP films. It might be possible that toluene from upper layer may damage the protrusions in 

the underlayer. However, shorter spin coating duration prevents damage to the underlayer.34 

After 12 h, the films were subjected to rapid thermal annealing (RTA).  The films were heated 

rapidly up to 300°C, the samples were allowed to remain at that temperature for the following 

30 s. After that, the samples were cooled down to room temperature by natural convection. 

Selective solvent etching was performed by immersing the samples in cyclohexane and acetic 

acid for 10 minutes to remove PS and PMMA, respectively. The residual solvent was removed 

by using slow stream of nitrogen. Finally, the samples were vacuum dried for 6 h at 60°C. The 

complete process is shown in Figure 4.1.  

2.5 Characterization  

The surface morphology of the samples was analyzed using atomic force microscopy (AFM, 

Bruker, Innova series) using sharp-edged antimony doped silicon tips (TESPA-V2, Bruker) 

having a resistivity of 0.01-0.025 Ohm-cm, frequency 320 kHz, and force constant 42 N/m. 
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The film thickness was measured using ellipsometer EP3 Nanofilm, Accurion, Germany, with 

Cauchy model for fitting the data. 

 

Figure 4.1.   The figure is showing the steps followed during the experiment. The sequence of 

steps are as follows (A) spin coating of RCP film at 2500 rpm for 120 s (B) placement of 

aluminium foil stamp over the RCP film (C) the film with flexible mould over it firmly 

sandwiched between two glass slides and heated over 120℃  for 12 h (D) pattern transfer from 

mould to RCP films (E) a second coat of blend over pre-patterned RCP layer (F) rapid thermal 

annealing (RTA) of bilayer films (G) patterns obtained after RTA and (H) selective solvent 

etching after immersion in acetic acid to remove PMMA and selective solvent etching for PS 

removal using cyclohexane.  

 

Table 4.1: The consolidated characteristics for blend films spun coated upon silicon wafer. 

 

 

Sample Blend: 

Toluene 

As cast film  After RTA 

t 

 (nm) 

Ra 

(nm) 

Rq 

(nm) 

N  

(µm-2) 

D 

(µm) 

H 

(nm) 

λ 

(µm) 

A1 90:10 56 1.24 1.62 0.036 2.3 ± 0.92 199.27 ± 62.42 6.16 ± 1.33 

B1 50:50 29 0.72 0.92 0.292 0.83 ± 0.24 88.47 ± 20.35 1.96 ± 0.31 

C1 10:90 6 0.96 1.21 16.4 0.09 ± 0.02 9.12 ± 2.58 0.27 ± 0.05 
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Figure 4.2.  AFM images for blend spun coated over silicon wafer with a blend toluene ratio 

a) 90:10; b) 50:50 and c) 10:90. The corresponding AFM images captured after RTA were 

shown in d-f. After acetic acid treatment, the PS mound obtained was shown in g-i. Likewise, 

after cyclohexane treatment, the PMMA rims were shown in j-l. l1 shows the small area AFM 

scan for l. The schematic showing PS mounds surrounding by PMMA rims is depicted in m.  

3. RESULTS AND DISCUSSIONS  

3.1 Phase separation in polymer blend thin film over flat surface  

The blend solutions were spun-coated over silicon wafers without RCP underlayer at fixed 

rpm. The film thickness was varied by varying the blend to toluene ratio.  The high blend to 

toluene ratio produced the thicker film; likewise, the lower blend to toluene ratio produced 

thinner films (Table 4.1). The AFM images captured were shown in Figure 4.2 a-c. The 
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average roughness values for as-casted samples A1, B1, and C1 were 1.24 nm, 0.716 nm, and 

0.96 nm, respectively. The overall polymer concentration and film thickness directly impact 

the size of the droplets formed after RTA. The diameters, wavelength, height, and number 

density for the samples are provided in Table 4.1. As the film thickness was reduced, the 

average diameter (D), wavelength (λ), and average height (H) decreased, thereby decreasing 

the size. On the contrary to this trend, the number density of the droplets was found to increase 

with decreasing film thickness. After RTA, the samples were separately immersed in acetic 

acid (to remove PMMA) and cyclohexane (to remove PS). The PS mounds were found to be 

surrounded by PMMA rims Figure 4.2 (g-m). The size of the structures reduced as the 

thickness of the blend films reduced. 

The spin coating is a batch process and starts with dispensing a copious amount of 

solution over the substrate, which is firmly placed over the chuck. During spin coating, the 

centrifugal force generated by rotating substrate forces the liquid to flow radially outwards. 

Due to this radially outward flow, a large amount of solution is spilled out of the substrate 

leaving behind a thin layer of PS and PMMA blend is coated over the silicon wafer.35 The 

phase separation starts at a critical thickness. Moreover, PMMA has more affinity towards the 

SiO2 layer. Hence PMMA forms a layer over the substrate, and a thin PS layer is formed over 

the PMMA layer.36 During thermal annealing, the deformable liquid-liquid interface becomes 

unstable, and PS dewets over the PMMA layer.37 In the late stage, randomly placed droplets 

were formed such that the PS mound is surrounded by PMMA rims, as shown by Figure 4.2 

h.38 As the temperature used here is much higher than TG for a shorter time. It is required to 

analyse the polymers for thermal stability.  

3.2 Phase separation in RCP layer  
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To generate orderly patterns in RCP film, CFL is used as patterning method. As mentioned in 

the materials and method section, aluminum foil peeled off from compact disks (CD), were 

used as a soft, flexible mould. This mould was placed over a previously coated RCP film over 

a silicon wafer (thickness ~ 78 nm). The system was then clamped using two glass slides and 

binder clips. This capillary rise allows the polymer to fill the cavities inside the mould. When 

the polymer film thickness is sufficiently large, the cavities were filled by the polymer. 

However, when the film is thinner, there is not enough polymer to fill up the cavities present 

inside the mould. This incomplete filling reduces the height of the final morphology. It also 

leads to the formation of a meniscus inside the cavities of the mould. When annealed for a 

sufficiently long duration, the meniscus dewets.39 The complete process is shown 

schematically by Figure 4.3. Figure 4.4 (a) shows the AFM image for RCP film with strips 

after execution of capillary force lithography (CFL). The corresponding line scans (Figure 4.4 

(a1)), the red line shows the line scans for patterns in CD aluminum foil (AFM image not 

shown here), and the blue line shows the line scan for RCP films with patterns having a width 

(𝑤𝑝), height (ℎ𝑝) and wavelength (𝜆𝑝) as ~750 nm, ~55 nm, and ~750 nm. Upon comparison 

with the line scan for mould perfect negative replica was not obtained as polymer film was 

very thin. The reduced height and width further assisted in downsizing of the final patterns. 

After RTA, the stipes dilate and the height of features considerably reduced to around 35 nm 

(Figure 4.4 b). When the sample was immersed in acetic acid to remove PMMA, the final PS 

domains dewet due to the solvent-induced dewetting (Figure 4.4 c). However, the patterns 

were found to be intact when immersed in cyclohexane (Figure 4.4 d). The line scans for AFM 

images after solvent etching were shown by Figure 4.4 c1. It was found that after RTA, PMMA 

forms a covering over PS domains. The RTA process in patterned RCP layer is schematically 

shown by Figure 4.4 f.  
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Figure 4.3.  Schematic representation of capillary force lithography (CFL). The sequence of 

CFL is as follows: (a) as the temperature was kept higher than glass transition temperature 

allows polymer melt to fill the vacant cavities in the mould, (b) incomplete filling of cavities 

due to thinner RCP layer, and (c) dewetting of meniscus.     

 

Figure 4.4. The AFM images for RCP films (a) after capillary force lithography (CFL), (b) the 

CFL assisted patterned films after subjecting to rapid thermal annealing (RTA) (c) after 

immersion in acetic acid and (d) after immersion in cyclohexane. The corresponding line scans 

are shown in a1, b1 and e. Schematically the process is represented by (f). 
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3.3 Phase separation in bilayer 

Next, the blend solutions were spun coated over CFL-assisted pre-patterned RCP films. 

The blend solutions spun coated having the blend: toluene ratio as 90:10, 50:50, and 10:90 with 

sample codes A2, B2, and C2, respectively(Table 4.2). There is the negligible dissolution of 

polymer in the underlayer with the solvent in the upper layer.34 The corresponding AFM 

images were shown in Figure 4.5. The upper blend layer forms a thin covering over the RCP 

underlayer with protruded droplets. Also, keeping the spin coating conditions same as case for 

blend over silicon wafer, it was found that phase separation has occurred immediately after 

spin coating (Figure 4.5 a-c).  The PMMA chains present in blend upper layer lose toluene 

faster than PS chains as the PS chains have more affinity towards toluene than PMMA chains. 

This allows PMMA domains gets solidified in the form of droplets inside the matrix of PS 

domains, while PS chains still retained small amount of toluene.34,40,41 Moreover, the 

protrusions present in underlayer increases the undulations in upper layer thereby providing 

more surface area and allowing polymers to rapidly get rid of solvent through evaporation. 

After solvent evaporation the bilayer system was subjected to RTA, the AFM images that were 

captured clearly show that the size of the droplets gradually decreased from sample A2 to 

sample C2 (Figure 4.5 d-f). Moreover, for sample A2 and B2, the blend droplets were random 

and irregular because the wavelength of dewetted blend droplets, 𝜆𝑏 (defined as the center-to-

center distance between two droplets) is much greater than the wavelength of the patterned 

RCP layer, 𝜆𝑝.The droplets were irregular due to the pinning of droplets with RCP underlayer, 

as shown in Figures 4.4 g and Figures 4.h. However, at comparable wavelengths, for sample 

C2, the blend droplets were beautifully placed between the protrusions present in the RCP film 

(Figure 4.5 c). The results obtained were in line with an existing report by Chen et al.30  
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Table 4.2: The data obtained for droplets formed when blend films spun coated upon patterned 
RCP underlayer were subjected to rapid thermal annealing (RTA).  

 

 

 

 

Since the system under consideration consisted of a blend of homopolymers and 

random copolymers, it is required to check for the possible domain formation of the polymers 

after RTA. For that, selective etching of polymers was done using acetic acid and cyclohexane 

to remove PMMA and PS respectively, the procedure for the selective removal of polymers is 

described in the materials and method section. The AFM images captured were shown in 

Figure 4.5 (g-l). As the PMMA chains are removed from the system using acetic acid, the PS 

chains form intriguing; the two length scale structures one from blend upper layer (diameter, d 

~ 3 µm) and another from RCP underlayer (diameter, d ~ 0.5 µm). Likewise, for sample B2 

and sample C2, the larger PS domains have a diameter, d~ 1 µm, and 0.77 µm, respectively 

(Figure 4.5 j-l). When PS domains were selectively removed, PMMA domains from the blend 

formed the ring in the upper layer, while RCP patterned underlayer formed the discontinuous 

ridges. As the blend concentration was reduced from sample A2 to sample C2, the ring 

diameter was also reduced, which finally formed an ordered arrangement of rings, as shown in 

Figure 4.5 j-l. The schematic representation is shown by m for bilayer after fabrication (m1) 

and after RTA (m2).  

Sample Blend: 

Toluene 

After RTA 

D 

(µm) 

H 

(nm) 

𝝀𝒃 

(µm) 

A2 90:10 3.8 ± 0.11 250 ± 80 5.6 ± 1.22 

B2 50:50 2.5± 0.74  200 ± 20 3.8 ± 0.47 

C2 10:90 0.76 ± 0.05 55 ± 1.65  1.4 ± 0.22 

TH-2803_156107005



Chapter 4  

 

90 

 

 

Figure 4.5. The AFM images for blend spun coated over patterned RCP layer with a blend 

toluene ratio a) 90:10 (sample A2); b) 50:50 (sample B2) and c) 10:90 (sample C2). The 

corresponding AFM images captured after RTA were shown in d-f. After acetic acid treatment, 

the PS mound obtained was shown in g-i. Likewise, after cyclohexane treatment, the PMMA 

rims were shown in j-l. The schematic representation of the process is shown in m.  

4 CONCLUSIONS  

The study presented here successfully demonstrates the facile, inexpensive, faster and generic 

method to fabricate multiple length scale structures. A polymer bilayer system was carefully 

designed such that the difference in chain length can give rise to multiple length scale 

structures. The key highlights of the work are as follows 
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1. The phase separation in blend of PS and PMMA generated larger domains whereas 

RCP resulted with smaller domains after phase separation.  

2. Using  a bilayer system with upper layer blend and under layer RCP  can be used to 

fabricate bimodal phase separated domains  

3. To achieve orderly arrangement, the under layer was patterned via. inexpensive 

capillary force lithography. The aluminium foils peeled off from CDs are used flexible 

moulds in the experiments.   

4. Faster phase separation in polymer blend was achieved by using rapid thermal 

annealing (RTA).  

5. The upper layer film thickness has direct impact on the randomness of the final 

morphology. When the film thickness was higher, the phase separated structures 

produced are random and larger in size (D~ 3.5 μm) in comparison to the structures 

present in the underlayer.  

6. At lower film thickness, the wavelength of phase separated droplets matches with the 

wavelengths of the protrusions present in the under layer (D~ 0.76). Thereby, creating 

an orderly arrangement.   
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GRAPHICAL ABSTRACT 

 

ABSTRACT 

A strategic electron beam (e-beam) irradiation on the surface of a PS-PMMA random 

copolymer ultrathin (< 100 nm) film followed by solvent annealing stimulate a special variety 

of dewetting, leading to a large-area hierarchical nanoscale patterns. For this purpose, initially, 

a negative (positive) tone of resist PS (PMMA) under a weak e-beam exposure is exploited to 

produce an array of sites composed of crosslinked PS (chain-scissioned PMMA). 

Subsequently, annealing with the help of a developer solvent engenders dewetted patterns in 

the exposed zones where PMMA blocks are confined by the blocks of cross-linked PS. The 

e-beam dosage has been systematically varied from 180 µC/cm2 to 10,000 µC/cm2 to explore 

the tone reversal behavior of PMMA on the dewetted patterns. Remarkably, at a relatively 

higher e-beam dosing, both PMMA and PS blocks act as negative tones in exposed zone. In 

contrast, the chain-scission of PMMA in the periphery of the exposed regions due to scattered 

secondary electrons causes confined dewetting upon solvent annealing. Such occurrences 

eventually leads to an order of magnitude pattern miniaturization than the conventional 

thermal or solvent vapor annealed dewetting. Selective removal of PMMA blocks of RCP 

using suitable solvent provide additional 50% size reduction of the dewetted features.  

 

Keywords: dewetting, random-co-polymer, electron beam lithography, patterning, tone 

reversal resist 
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1. INTRODUCTION  

Photoactive polymers can undergo scission or linking of chains under the exposure of an 

electromagnetic irradiation.[1] Such properties of polymeric materials are very often employed 

in  diverse micro/nano fabrication techniques which include electron beam (EBL), [2] X-ray, 

[3,4] Deep-UV, UV, [5] or photo-lithography (PL).[6] While the photon or electron induced 

scission of polymer bonds in a positive-resist, the negative-resist undergoes cross-linking of 

the chains during its interactions with the electromagnetic waves.[7] Importantly, the chain 

scission (cross linking) always leads to the reduction (increase) in the molecular weight in the 

area of electromagnetic exposure, which eventually increase (decrease) the solubility of the 

polymer in the developer solvent. [7] Thus, upon developing, the irradiated zone of a photo-

resist is either removed or retained based on whether it is of positive or negative tone. 

Exploiting such properties of materials, PL [6] has widely been employed for large-area micro-

fabrication while EBL has been employed to decorate ordered nanopatterns. [2] Such 

micro/nano structured surfaces find extensive applications in the areas involving micro/nano 

electronics, [8] optoelectronics, [9,10] bioMEMS, [11] membranes, [12] biosensors, [13,14] 

nanophotonics, [15] or photodetection [16] among others. 

Of late, fabrication of large-area nano-patterns using EBL has been scaled-up to the level 

of the industrial manufacturing of various state-of-art nano-electronic devices such as smart 

phones, tablets, ipods, ipads, or flexible electronic gadgets, among many others. In general, 

while fabricating the nanostructures using EBL, the most frequently used positive tone resists 

are PMMA – poly methyl-methacrylate, [17] ZEP – a co-polymer of chloro-methacrylate and 

methylstyrene, [17] poly-butene-1-sulfone (PBS) [18] and EBR-9 – a co-polymer of tri-

fluoroethyl a-chloro-acrylate and tetra-fluropropyl a-chloroacrylate. [18] On the other hand, 

HSQ – hydrogen silsesqioaxene,[19] Calixarene – Tokuyama Corp.,[20] SU-8 – Microchem 
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Corp., [21] mr-L 6000 – Microresist Technology, [21] and PS – poly-styrene [17] have been 

extensively used as the negative e-beam resists. However, a number of modern mesoscale 

applications often demand the fabrication of surfaces with complex and hierarchical structures, 

which are rather difficult to decorate using any of the conventional lithographic techniques. 

[22,23] In addition, since most of the lithographic processes are costly, they require a large-

scale production to meet the economic viability of patterning processes. [24] Such roadblocks 

kindle the exploration of more economic soft-lithographic pathways to fabricate large-area 

periodic nanostructures.[25] 

In this direction, the self-organized dewetting [26–29] or electric field induced lithography 

(EFL) [30–33] of thin polymeric films have emerged to be simple but cost-effective techniques 

of micro/nano fabrication. For example, beyond its glass transition point (Tg), an ultrathin (< 

10 nm) polymer film can self-organize into micro/nano patterns under the influence of 

destabilizing van der Waals interactions, which is also popularly known as spinodal dewetting. 

[34] On the other hand, relatively thicker films (> 40 nm) can self-organize into mesoscale 

patterns when the physicochemical heterogeneities on the underlying surface trigger the film 

disintegration, commonly known as heterogeneous nucleation or pattern directed 

dewetting.[35] The prior-arts suggest that a typical diameter (D) of the post-dewetted droplets 

may vary with the film thickness (h) following the correlation, D~h1.5. This means that the 

films of thicknesses ranging from 10 nm to 50 nm thickness may form droplets of size ranging 

from ~ 4 to 15 µm, depending on the variations in properties of the underlying substrates. [36–

38] However, as per current technological demands, such feature sizes are quite large and in 

the past few decades, one of the major goals of such top-down soft-lithography has been the 

miniaturization of size and periodicity of patterns by a few orders of magnitude.[25] 
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Intuitively, one of the possible pathways of size reduction can be to increase the number of 

sites for rupture on the film surface while maintaining periodicity with the help of lateral 

confinements.[39,40] For example, if we consider a thin film of random or block copolymer 

(RCP or BCP) composed of polymers with positive and negative tones, a number of nucleation 

sites for dewetting can be generated in the zones with positive tone upon electromagnetic 

irradiation. In parallel, the same electromagnetic exposure may also create zone of 

confinements by cross-linking the polymeric chains of negative tone present in the film. Thus, 

a strategic exposure of an electromagnetic wave on such a copolymer may generate periodic 

zones of cross-linking (negative tone) and dewetting (positive tone). In such a scenario, the 

resolution of the patterns may be controlled simply by tuning the wavelength of the 

electromagnetic exposure.[41] A preferential removal of a particular block using a selective 

solvent may also help in the further miniaturization of patterns alongside opening up the 

possibility of fabricating hierarchical patterns. 

In view of background ideation, herein we choose to use a random copolymer (RCP), PS-

r-PMMA in which PS acts as the negative tone while PMMA acts as the positive tone to 

electron beam (e-beam). Under a low intensity e-beam exposure such a RCP film is expected 

to create a dewetting zone in the PMMA blocks and cross-linking zone in the PS blocks. After 

the e-beam exposure, we anneal the films with PMMA selective solvents to undergo a room 

temperature dewetting near the positive tone blocks. In the process, due to reduced interfacial 

tension at liquid solvent/polymer interface,[42–45] the size reduction is already achieved in the 

zones of dewetting in between an array of periodic cross-linked PS patterns. The post-dewetted 

patterns were further miniaturized by ~50% with the help of another set of solvent selective 

removal of PS (PMMA) using cyclohexane (acetic acid).[46,47] Subsequently, the effects of 

e-beam dose on the ultrathin PS-r-PMMA film have been systematically explored. 
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Remarkably, at a higher e-beam dosing, along with the PS blocks, PMMA blocks also switches 

to the negative tone behavior of crosslinking rather than undergoing chain scission, in the zones 

of exposure [48,49] (Appendix 4). However, in the adjacent unexposed zones the PMMA 

blocks start showing the positive tone behavior owing to the scattering effects of the electrons 

at high e-beam intensities, which we exploit in the fabrication of further miniaturized patterns.  

Concisely, harnessing the fundamental chemistry of a RCP, we uncover a novel self-

organized soft-lithographic process, which can lead to multi-scale ordered nanopatterns. Along 

with the individual advantages of the EBL to offer and a co-polymer, for its tendency to ordered 

self-assembly, this proposed method demonstrate how single copolymer resist can be utilized 

to generate myriads of micro-nano hierarchical features just by controlling the e-beam dose 

that modifies the chemistry of one component of the copolymer.  The shape, size and 

periodicity of the nanopatterns obtained from this technique is expected to match any other 

state-of-art lithography or self-organization techniques. 

2. MATERIALS AND METHODS 

2.1 Sample preparation  

Silicon (Si) wafer was cut into 1 cm × 1 cm pieces and cleaned thoroughly using acetone, 

isopropanol, and water in sequence before keeping in piranha solution – a mixture of 

concentrated H2SO4 and H2O2 in 1:3 volume ratio, for 30 min. Adequate safety protocol was 

followed while cleaning substrates using piranha solution. The Si wafer pieces were then taken 

out of piranha solution carefully and after thorough rinsing with copious amount of deionized 

water, the substrates were dried in nitrogen stream. The PS-r-PMMA random copolymer (RCP) 

(Sigma Aldrich), having polystyrene (PS) and polymethyl methacrylate (PMMA) blocks in 

40:60 ratio (weight average molecular weight, Mw ~ 100000-150000), was dissolved in toluene 
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to have 1% (w/v) RCP solution. The RCP solution was then spin-coated (spin speed 5000 rpm, 

duration 2 min) over the cleaned silicon wafer pieces and left to dry for 12 h in a vacuum 

desiccator. The thickness of the film (~ 45 nm) was measured using single wavelength (658 

nm) ellipsometer (Nanofilm_ep3-sw, Accurion Gmbh., Germany).  

2.2 Patterning with EBL  

The line and box patterns were fabricated using an Electron Beam Lithography (EBL) setup 

(XeDraw 2, XENOS Semiconductor Technologies GmBH, Germany), which was coupled with 

Field Emission Scanning Electron Microscope (JSM 7610F, JEOL Japan) for the 

characterization. The 1 µm wide lines having 1 µm spacing in between and 1 µm × 1 µm 

squares were separately patterned at different exposure doses ranging from 180 µC/cm2 to 

10,000 µC/cm2. An optimized acceleration potential of 30 kV was chosen for EBL while the 

beam current was set and maintained at 100 pA. Post exposure, the samples were treated with 

methyl isobutyl ketone (MIBK) for 3 min before dipping into iso-propanol (IPA). MIBK and 

IPA are the good solvents for low molecular weight PMMA.[50]  After developing, the samples 

were dried in nitrogen flow.  

 

Figure 5.1. Schematic of the experimental process is depicted. (A) and (B) spin coating of PS-

r-PMMA film over silicon wafer, (C) electron beam exposure of the RCP thin film, (D) line and 

box patterned exposure, and (E) development using solvent to obtain final structures. Typical 

AFM images showing morphological pattern occurring in random copolymer film. 
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2.3 Characterization  

After drying in nitrogen stream, the developed patterns were characterized using atomic 

force microscopy (AFM) (Bruker, Innova series) in tapping mode. A sharp-edged antimony 

doped silicon tip (TESPA-V2, Bruker) having resistivity of 0.01-0.025 Ohm-cm with 

resonance frequency of 320 kHz and force constant of 42 N/m was used for imaging the 

samples. The scan rate was maintained at 0.7-0.8 Hz. All the scans presented here are of fixed 

dimension (5 μm × 5 μm) unless otherwise mentioned. To determine the possible organization 

of the polymer, selective good solvents like acetic acid (for PMMA removal) or cyclohexane 

(for PS removal) were used for wet etching of the respective polymer block by dipping the 

samples in it for 5 min. The resulted morphology was then characterized by AFM. 

3. RESULTS  

3.1 Phenomenon 

EBL was performed to draw lines on the RCP film of thickness ~45 ± 3 nm in which the 

width of lines and the spacing in between two lines were 1 µm each. Images (A) – (E) in the 

Figure 5.1 schematically show the typical steps to the EBL writing on the RCP film. AFM 

images (not shown here) at the stage (D) before the solvent was employed to develop the RCP 

film confirmed that the films were rather undamaged even after the exposure of e-beam. 

However, the AFM images in the Figure 5.2 and Figure 5.3 show the myriad of morphologies, 

after the solvent treatment stage (E) in the Figure 5.1. These figures confirmed that the RCP 

films underwent a localized room temperature dewetting [42,43] during the solvent annealing 

after the e-beam exposure. The influence of the progressive increase in the dosage (180 µC/cm2 

to 10,000 µC/cm2) of e-beam on such dewetted morphologies have also been elaborated in the 

Figure 5.2 and Figure 5.3.  
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Figure 5.2. AFM images showing morphological 1-D patterns on a PS-r-PMMA film when 

exposed with variable dose of e-beam and subsequent developing in MIBK/IPA. The e-beam 

dose used were, (i) 180 µC/cm2 (ii) 700 µC/cm2 (iii) 1500 µC/cm2 (iv) 3000 µC/cm2 (v) 5000 

µC/cm2 (vi) 6000 µC/cm2 (vii) 10,000 µC/cm2. The sample (vii) was further treated with acetic 

acid for selective PMMA removal to obtain (viii) and selective PS removal by cyclohexane to 

obtain (ix). The line scans on the images (i) – (ix) are shown by plots (x). See section S4 of the 

Appendix 4 for the representative FESEM images of the 1-D patterns. 

 

For example, the case associated with the e-beam dose of 180 µC/cm2 is shown in Figure 

5.2 (i) and corresponding line scan is shown by (i) in Figure 5.2 (x). The Figure disclosed that 

after the e-beam dose and solvent methyl isobutyl ketone/iso-propanol (MIBK/IPA) annealing, 

the depth of the stripe patterns in the zones of exposure, as indicated by the arrow, was ~ 10 

nm. This is because, in the zone of exposure the positive tone PMMA underwent chain scission, 

while the negative tone PS underwent cross-linking under the weak e-beam exposure. Thus, 

after the solvent treatment, the scissored PMMA part of RCP was removed from the exposed 

area leading to a ‘running trench’ of depth 10 nm in between the unexposed ‘ridges’ of the 

polymer film. Since MIBK/IPA was expected to remove only exposed PMMA with a very low 

molecular weight (low-MW), the PMMA in the unexposed part remained intact [51]. 

Remarkably, during this experiment, we could also observe the formation of an array of 

randomly placed holes on the surface of the polymer film. The average diameter of the holes 

was ~400 nm and the depth of the holes was ~28 nm in the exposed area while 38 nm in the 
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unexposed zones. This experiment gave us the hint of the possibility of solvent induced 

dewetting of such systems leading to nanostructures, which we explored further with the help 

of a stronger e-beam exposure. 

 

Figure 5.3. AFM images showing morphological 2-D patterns occurring on a PS-r-PMMA 

film when exposed with variable dose of e-beam and subsequent developing in MIBK/IPA. The 

e-beam dose used were, (i) 180 µC/cm2 (ii) 700 µC/cm2 (iii) 1500 µC/cm2 (iv) 3000 µC/cm2 (v) 

5000 µC/cm2 (vi) 6000 µC/cm2 (vii) 10,000 µC/cm2. Morphology after PMMA removal (viii) 

and PS removal (ix) using selective solvent washing of sample (vii) is shown. The 

corresponding line scans are shown by graphs (x), and (xi). The arrow in the AFM image and 

shaded region in the line scan show the region of e-beam exposure. See section S5 of the 

Appendix 4 for the representative FESEM images of the 2-D patterns. 

For example, after an e-beam dose of 700 µC/cm2 followed by MIBK/IPA annealing, the 

holes became larger (diameter ~ 800 nm) and irregular (Figure 5.2(ii)) in shape. This is rather 

anticipated because the copolymer was PMMA rich and a stronger exposure of e-beam led to 

a significant chain scission of PMMA, which eventually led to the dewetting of the films at the 

zones of the exposure upon solvent annealing. On the other hand, the negative tone PS part 

underwent cross linking under the e-beam exposure, which retained a part of the film at the 

zone of exposure after solvent treatment. Importantly, the morphologies of the holes at the zone 

of exposure resembled the onset of dewetting through heterogeneous nucleation.[52] Further, 

most of the holes were nucleated near the junctions of the zones of exposure and non-exposure, 

which is another characteristic of pattern directed dewetting. The line scan (Figure S2 of 
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APPENDIX 4) revealed the presence of mesoscale irregular PS nano-debris with a lateral 

dimension of  ~200 nm inside the nucleated holes after the MIBK treatment [38]. Again, since 

the MIBK/IPA could only remove the e-beam scissored low-MW PMMA, the PMMA blocks 

in the unexposed part remained undisturbed during the solvent treatment.  

Remarkably, at an e-beam dose to 1500 µC/cm2 and after the MIBK treatment (Figure 5.2 

(iii)), the morphologies at the zone of exposure resembled the onset of solvent annealed 

spinodal dewetting [43]. The height of these interconnected polymer ribbons was found to be 

of the order of ~17 nm, which was much smaller than the initial film thickness (~45 nm). It is 

well known that for the low dose of electron, PMMA acts like a positive resist, i.e. the bond 

scission takes place and the molecular weight of PMMA becomes sufficiently lower to be 

etched out easily by a good solvent like MIBK/IPA. On the other hand, PS, although not as 

sensitive as PMMA, acts like a negative resist and cross-linking takes place while exposed to 

e-beam.[17] However, at a higher dose of electron beam (typically above ~1000 µC/cm2) both 

PS and PMMA act like negative tone resists.[53,54] Interestingly, near the borderline of this 

tone reversal behavior of the copolymer, we observed the spinodal dewetting behavior of the 

RCP film at the zone of exposure.  

It may also be noted here that during the e-beam exposure, the primary electrons could 

generate the secondary ones in the unexposed RCP matrix due to inelastic scattering within the 

resist.[55] Subsequently, the scattered electrons penetrated through a larger volume of resist 

than only the exposed zone, which widened the area of exposure. The range of influence of 

such scattered electrons were typically of the order of tens of nanometers away from the zone 

of exposure.[56] The scattered electron also included the back-scattered ones, to enhance the 

influence of the irradiation in the zones nearby to the exposed area [57–59] and a higher the 
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dose of e-beam led to a wider area of influence around the exposed area.[60] We exploited 

these effects for further investigation of the system with an e-beam dose of 3000 µC/cm2.  

In such a scenario, after the e-beam exposure followed by the MIBK/IPA treatment, the 

expose area underwent cross-linking as both PS and PMMA blocks behaved as negative tones 

due to the tone reversal of the PMMA in the area of exposure (Figure 5.2 (iv) and line scan 

(iv) in Figure 5.2 (x)). However, the effects of the scattered electrons became evident at the 

edge of the exposed regime by the slight dip in the line scan. The irregular rims at the 

boundaries of the unexposed and exposed regimes confirmed the chain scission of PMMA 

blocks in the unexposed regimes due to the scattered electrons. This was also evident by the 

reduction of the width of the unexposed region to ~650 nm from 1 μm. Subsequently, with 

solvent annealing, the dewetting phenomena is found to happen in the unexposed zone while 

the exposed zone remained cross-linked after the tone reversal of PMMA.  

Hereafter, upon increasing the dose of the e-beam, the exposed zone started showing the 

formation of smooth ridges while the unexposed areas started showing dewetted morphologies 

(Figure 5.2 (v) – 2 (viii)). At an e-beam dose of 5000 µC/cm2 considerable thinning of the 

unexposed region was observed (Figure 5.2 (v)) while the rims at the unexposed zones merged 

to form a nanothread of width ~ 200 nm and a collection of nanodroplets. The nano threads in 

the unexposed region underwent capillary instability to form the nanodroplets of polymer at a 

relatively higher intensity of e-beam (6000 µC/cm2) (Figure 5.2 (vi) and line scan (vi) in 

Figure 5.2 (x)). Finally, at the 10,000 µC/cm2 the a complete dewetting of the films were 

observed at the unexposed zones where the droplets had average diameter of ~274 nm (Figure 

5.2 (vii) with corresponding line scan (vii) in Figure 5.2 (xi)). In order to investigate the 

polymer configuration within a droplet (Figure 5.2 (vii)), selective etching of polymer was 

performed using good solvent for the blocks of the RCP. Subsequently, the average droplet 
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size diminished to ~160 nm (Figure 5.2 (viii)) upon washing with the acetic acid to remove 

PMMA. Surprisingly, upon washing with cyclohexane, which is a good solvent for PS, the 

average droplet size did not change much. Thus, the droplets were perhaps composed of a 

PMMA shell protecting the inside PS core – MIBK/IPA being a better solvent to PMMA than 

PS facilitates the migration of PMMA blocks to the periphery of the droplets. Importantly, a 

host of similar experiments were performed with another set of samples of ~45 nm thick RCP 

films using e-beam wherein an array of periodic two-dimensional (2-D) box patterns were 

fabricated. Again, as observed in the Figure 5.2, depending on the doses of the e-beam, 

different patterns were achieved after the MIBK/IPA treatment, as shown in the Figure 5.3. 

Figure 5.3 (i) - (vii)    show the occurrence of exact set of events for the 2-D patterns, which 

was previously described with Figure 5.2 with the variation in the e-beam dose. Ultimately, at 

a very high dose (10,000 µC/cm2), a flat square plateau (exposed area) surrounded by dewetted 

droplets of polymer blocks were obtained (Figure 5.3 (vii)). All the line scan of the AFM 

images of Figure 5.3 have been included in the Figure S3 of the APPENDIX 4 section. The 

images suggest that we could generate 2-D patterns of similar variety with the variation in the 

strength of e-beam exposure, as observed in the Figure 5.2. The experiments in the Figure 5.2 

and Figure 5.3 together suggest that the proposed soft-lithographic process was rather 

repeatable. 

4. DISCUSSIONS 

4.1 Characteristics of Dewetting 

In what follows, we investigate three parameters associated with the sub-micron structures 

formed in the unexposed region of the samples after irradiation with 10,000 µC/cm2: (i) the 

number density, N, which is defined as the number of sub-micron features per unit area; (ii) 

characteristic length scale or wavelength of the pattern, λ, which is the average center-to-center 
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distance of the features; and (iii) feature size, D, the diameter of a droplet or the width of minor 

axis for an elongated droplet. The summary of these parameters for both the line and box 

patterns are depicted in Figure 5.4. In case of line pattern, the number density, wavelength and 

average diameter was found to be ~ 2.88 µm-2, ~0.37 µm and ~ 170 nm, respectively. The 

length scale and the drop diameter were much smaller than the periodicity (~40 µm) and size 

(~5-15 µm) of drops generated from the thermally or solvent vapor assisted dewetted 

morphology of a ~45 nm flat PS film.[28,43] The comparison suggests a reduction of more 

than one order of magnitude in feature dimension employing the proposed methodology of e-

beam dosing followed by solvent annealing. Polymer thin films undergoing physical [29] or 

chemical [61] patterns have already been known for miniaturization of the length scale of 

dewetting. However, the methodology proposed in this work simultaneously hits a couple of 

targets that are perhaps unique: (i) the e-beam dosing on a copolymer film with positive and 

negative tones generate numerous localized sites in the film matrix, especially in the blocks of 

positive tone, suitable for solvent annealed dewetting; and (ii) in parallel, the negative tones 

under exposure generate cross-linked boundaries to maintain periodicity of the quarantined 

patterns, which is perhaps unique.[62,63] It may be noted here that, although the experiments 

reported here employed an EBL for the strategic e-beam dosing, the same is possible even with 

a low resource setup composed of an electron gun and a beam blanker. Thus, overall, the 

proposed soft-lithography technique can generate nanoscale features with a large-area ordering 

at a much lower resource setting.  

The use of PS-r-PMMA as the ultrathin film offered an opportunity for further reduction in 

the feature size. After selective washing of PS with cyclohexane, the feature size and other 

parameters remained nearly similar to that of unwashed sample. Whereas, by selective removal 

of PMMA, the average feature size was reduced to D ~114 nm, which was nearly of 50% 
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reduction, as compared to the unwashed sample (Figure 5.4(c)). The number density of the 

sub-micron features for the box-pattern was nearly similar to that of the line patterns. However, 

the periodicity of such high-density patterns generated, λ, remained rather unchanged after 

selective removal of the PMMA or PS (Figure 5.4(b)), which was rather obvious. Only 

reduction of the diameter of the droplets suggested the formation of the droplet with PMMA-

shell and PS-core, as shown in the Figure 5.4(d). The results shown here indicate that the 

ordering, size and periodicity of the morphologies can be tuned further by simply modulating 

the RCP film thickness, e-beam dosage, and the pattern of e-beam exposure. Of course, 

composition and molecular weight of the blocks of the copolymer has an important role to play 

in deciding the sensitivity of the chain scissions, crosslinking during the e-beam exposure, and 

response towards the solvent annealing.[64] 

 

Figure 5.4. The plots showing variations in (a) number density,  𝑁; (b) wavelength, λ and (c) 

average characteristic length scale (diameter of droplet or width of rims), 𝐷, for line and box 

patterns generated after exposing with e-beam with dose of 10,000 µC/cm2. The ,  and  
represents condition after e-beam lithography with e-dose of 10,000 µC/cm2, after PS removal 

from state  using cyclohexane and finally PMMA removal using acetic acid from state , 
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respectively.  (d) represents typical line scan of the polymer droplet after selective removal of 

a component polymer. 

4.2 Scientific basis 

Polymer resists upon irradiation with e-beam can undergo several simultaneous processes. 

Irradiation electron can excite the polymer molecules and/or ionize the polymer and generate 

secondary electrons, ions, or free radicals while penetrating through the polymer matrix. 

Secondary electrons can also be generated due to the back scattering from the substrate. Much 

like primary electrons, the secondary electrons are also capable of transferring energy by 

excitation and subsequent thermal stabilization along with ionization or free radical formation. 

The fate of polymer materials under an electromagnetic irradiation depends on several factors 

such as linear energy transfer (LET), dose rate, or temperature.[65] In presence of oxygen, 

these polymers may also undergo oxidative degradation.[66] The bond scission and 

crosslinking are the two competing processes within polymer when irradiated with e-beam. 

Different polymers demonstrate different level of sensitivity towards e-beam and prone to 

follow one of the two processes mentioned, based on which chemical yield is decided. 

Chemical yield (G) is defined as the number of molecules reacted per 100 eV of absorbed 

energy. G value for crosslinking, G(X), chain scission, G(S), and the ratio of these two 

parameters, i.e. G(S):G(X) are three important parameters for a particular polymer. At a lower 

dose of e-beam, it is reported that the ratio G(S):G(X) is >2 for PMMA and < 0.4 for PS along 

with very low G(X) value for PS. These values indicate that PMMA is more prone to bond 

scission (positive tone behavior), whereas, PS is likely to undergo crosslinking of the chain 

(negative tone behavior), however, with much less sensitivity to the e-beam as compared to 

PMMA.[66] Thus, the overall process is largely dominated by the response of the PMMA 

block to the e-beam. Further, operating condition dependent tone reversal behavior of a few 

polymers are well known. For example, temperature dependent tone switching behavior of 

TH-2803_156107005



Chapter 5 

 

 

113 

 

PTFE is reported in literature.[66] Here, the positive tone behavior of PMMA resist at low 

electron dose switches to negative tone at a higher dose of electrons.[53] Previously, this 

unique behavior of PMMA was exploited to improve the resolution of e-beam lithography. 

[48] At a lower e-dose, a simplistic reaction scheme for PMMA chain scission is depicted in 

Scheme 5.1(a),[67] and at a higher e-beam dose the crosslinking scheme is shown in Scheme 

5.1(b).[4] 

In this present study, at a lower dose of 180 µC/cm2 to 1000 µC/cm2, the trenches were 

formed in the exposed region due to the bond scission of PMMA during the e-beam exposure 

and subsequent removal of the broken PMMA chains at developing stage.[68] At a relatively 

higher e-beam dosage (1500 µC/cm2 to 10,000 µC/cm2), the crosslinking of PS and PMMA 

increased the molecular weight polymer blocks in the exposed regime to generate the periodic 

confinements. Subsequently, the effects of the secondary electrons started breaking down of 

the PMMA in the unexposed areas to engender solvent induced dewetting. The sequences of 

the events process including the, (i) hole formation and bond-scission in the exposed zone at a 

weaker exposure; (ii) tone reversal in the exposed zone to form the crosslinked PS-PMMA; 

(iii) instability in the unexposed area due to the effects of scattered electrons on the PMMA 

blocks; and (iv) drop formation in the unexposed area and crosslinking in the exposed area at 

a higher e-beam exposure, have been depicted in a step wise manner in the Figure 5.5. 
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Scheme 5.1. Chain scission (a) and crosslinking (b) of PMMA blocks at lower and higher e-

beam doses respectively. 

Table 5.1: Summary of polymer behavior with e-dose. 

e-dose 

Exposed Area Unexposed area 

PMMA PS PMMA PS 

Low Scission Cross-linking Unaltered Unaltered 

Medium Partial Cross-linking Cross Linking Partial scission Unaltered 

High Cross-linking Cross Linking Scission Partial Cross-linking 
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Importantly, as the e-beam dosage increased, the exposed spot also attained higher mean 

temperature with expanding standard deviation of the Gaussian thermal profile. The Exposure 

Intensity Distribution (EID) of the e-beam follows an additive Gaussian pattern for primary 

and secondary backscattered electrons as [59],  𝐼𝑝 = 𝐶𝑝 exp [− (
𝑟

𝐵𝑝
)

2

] and 𝐼𝑠 =

𝐶𝑠 exp [− (
𝑟

𝐵𝑠
)

2

], respectively where r is the distance from the center of the e-beam while Cp, 

Cs, Bp, and Bs are the constants, which depend on the e-beam dose, type of polymer or resists, 

or substrate materials, among others. The energy distribution of an e-beam also follows the 

additive Gaussian distribution [69] similar to EID (see section S6 of the APPENDIX 4). The 

lateral resolution of EBL reduced with relatively thicker film and with a higher e-beam dose 

due to the formation of secondary electrons.[70] This double Gaussian exposure to the RCP 

film at a higher e-beam dose resulted in core cross-linked zone and a peripheral scission zone 

for PMMA, which in turn resulted a narrow polymer free zone, removed at the developing 

stage. Beyond this exposed zone, due to expanded thermal profile induced by a higher e-beam 

dosage, the RCP underwent chain scission, which was suitable for the solvent annealed 

dewetting during the development stage. 

The profile at the top of Figure 5.6 shows a schematic of the typical intensity 

distribution (black line) of a double Gaussian exposure alongside the possible thermal profile 

(green line) as a function of, r, from the center of the e-beam exposure. The profile in the 

middle depicts the extent of crosslinked (1, brown) and degraded (2, light blue) and dewetted 

(3, light green) zones under such an e-beam exposure. A typical line scale with an AFM image 

at the bottom of Figure 5.6 provides an experimental evidence against the theoretical 

predictions. 
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Figure 5.5. The schematic representation showing the mechanism for morphological changes 

occurring at varying dose of e-beam viz. (i) 180 µC/cm2 (ii) 300-700 µC/cm2 (iii) 1500 µC/cm2 

(iv) 2000 µC/cm2 (v) 3000 µC/cm2 and (vi) 6000-10000 µC/cm2. 
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Figure 5.6. A schematic of the double Gaussian exposure intensity distribution (black line) 

and thermal profile (green line) as a function of distance r from the center of the exposure. 

Crosslinked (1, brown) and degraded (2, light blue) zone for PMMA and dewetted zone (3, 

light green) are shown. A typical scan of the irradiated sample is shown in figure with identified 

zones. The schematic is not in scale. 

5. CONCLUSIONS 

In summary, we have extensively studied the behavior of a PS-r-PMMA film exposed to 

wide range of e-beam exposure from 180 µC/cm2 to 10,000 µC/cm2. At a weaker exposure, 

the e-beam dissociates the PMMA segments in the exposed zone while PS blocks are cross-

linked. Subsequently, the exposed PMMA blocks undergo dewetting to form nanopatterns at 

room temperature when annealed with selective solvents. The crosslinked PS blocks in the 

exposed area provide periodic lateral confinements to the dewetted nanopatterns thus 

fabricated. In comparison, at a high intensity e-beam exposure, the tone reversal of PMMA 

induce a higher degree of crosslinking in the area of exposure whereas the scattering of 

electrons in the unexposed area engender a positive tone behavior to the PMMA blocks. 

Subsequently, the scissored PMMA blocks in the unexposed domain undergoes dewetting 
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under a suitable solvent annealing to develop large-area nanopatterns. In such a scenario, while 

the exposed blocks maintain the periodicity of the patterns by creating the quarantine zones, 

the unexposed area develops the nanopatterns with a very high surface-to-volume ratio. The 

behavior of the PS and PMMA segments can be summarized as follows: 

The patterns thus fabricated, exploiting the polymer behavior mentioned above, show the 

reduction in size and periodicity by at least an order of magnitude, as compared to any 

conventional dewetting process. Further miniaturization of feature size by ~50% has been 

achieved by the selective removal of a particular polymer from the RCP using suitable solvents. 

Using specific BCP instead of RCP, one can achieve well-ordered hierarchical nano-scale 

features. The proposed soft-lithography technique is also unique in a sense that it opens up a 

wide range of future possibilities in the area of micro/nano fabrication with the variations in 

film thickness (see section S8 of APPENDIX 4), e-beam dosage and pattern, or 

composition/MW of RCP. There is a possibility that the method described here can be used for 

deep UV photolithography as well if a photo-initiator such as Irgacure 379 is mixed with the 

PS-r-PMMA RCP.[71] Further, such explorations can help in the fabrication of a variety of 

mesoscale patterns with the complex hierarchical arrangement, which has been among many 

of the real challenges so far. 
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The study presented here provides a detailed framework for fabricating complex, intricate 

polymeric patterns over a flat surface like silicon wafers. These patterns are otherwise 

challenging to fabricate using conventionally available techniques. The study adopts a 

synergistic approach in which the amalgamation of simple techniques makes pattern formation 

straightforward, faster and simpler.   

Chapter 1 forms the foundation for the subsequent chapters. The chapter gives a 

detailed account of the fabrication methods reported worldwide for polymeric pattern 

generation. For the sake of simplicity, the available methods are broadly classified into Top-

down and Bottom-up approaches. According to available literatures, subsequent experiments 

were meticulously planned and carried out. 

In Chapter 2, a study is presented that involves phase separation in a polymer bilayer 

system. The critical findings of the study show that the morphology of a thin film of a polymer 

blend strongly depends on the properties of the labile polymer underlayer. For example, phase 

separation occurs in PS/PMMA polymer blend when spun cast on a PS underlayer. The 

scenario changes when the underlayer is either PMMA, blend PS/PMMA, or RCP (PS-r-

   Chapter 6 

Conclusions and Future Scope of 

the work 
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PMMA). The study also presents the effect of rapid thermal annealing (RTA) on the phase 

separation in the bilayer system. It was found that the equilibrium morphology is achieved 

faster than conventional techniques like thermal and solvent vapour annealing. Interestingly, 

when blend PS/PMMA is coated over RCP underlayer, the RTA-induced phase separation 

resulted in a hierarchical pattern with multiple length scales. Furthermore, a more orderly 

arrangement of polymeric domains is achieved by patterning the RCP underlayer using 

capillary force lithography (CFL).  

Chapter 3 highlights the phase separation phenomenon occurring in the thin film of 

blend PS/PMMA coated over PS underlayer. Low surface energy labile PS underlayer induces 

phase separation in the blend PS/PMMA upper layer. The study successfully establishes the 

dependency of the phase separated morphologies on the PS: PMMA ratio in the blend upper 

layer. A low PS: PMMA ratio resulted in labyrinthine type patterns, while a high PS: PMMA 

ratio gives rise to sea-islands type morphologies. The more orderly arrangement of the patterns 

is achieved by using CFL-assisted patterning of the PS underlayer.  

A detailed fabrication method for multiple length scale structures using phase 

separation in a polymeric bilayer system is discussed in Chapter 4. The phase separation 

occurring in polymeric bilayer  system consisting of PS/PMMA blend upper layer and PS-r-

PMMA random copolymer underlayer can give rise to multiple length scale structures. The 

RCP underlayer was patterned using CFL. Furthermore, by varying the concentration of blend 

solution in the upper layer, excellent control over the orderly arrangement of the patterns is 

achieved.   

Chapter 5 is an extensive study that deals with the pattern generation by e-beam 

lithography using the PS-r-PMMA random copolymer as the resist. The previously spun coated 

random copolymer thin film was exposed to a wide range of e-dose from 180 µC/cm2 to 10000 
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µC/cm2. Polymer chains' crosslinking occurs in polystyrene blocks (negative resist) at lower 

doses, while chain scission occurs in the PMMA blocks (positive resist). Interestingly, with 

moderate to high dose e-beam exposure, PMMA blocks demonstrate tone reversal from 

positive to negative resist upon increasing dose with e-beam dose.  Moreover, the interaction 

of secondary electrons with PMMA blocks in unexposed regions engendered bond scission in 

PMMA blocks, resulting in solvent-induced dewetting. 

The study is focused on simple and straightforward methods for pattern generation. The 

study also provides a generic framework and may be implemented for other polymer 

combinations too. Moreover, the experiments presented  opens up the avenue for 

interdisciplinary scientific explorations that primarily  focus  on applications of fabricated 

complex patterns. Further studies may take up the following directions:  

1. The complex pattern fabricated can be utilized as a SERS substrate. This may be 

done by sputter coating a thin layer of metals like gold or silver over the polymeric 

structures and analyzed using Raman spectroscopy for surface plasmon resonance 

Moreover, a thin biological matter like DNA can be placed over these sputter coated 

samples and can be analyzed for Raman signals. Therefore,these SERS active 

surfaces may be utilized as an alternative to TERS.  

2. Extensive studies can be undertaken in which fabricated patterns can be utilized in 

bio-inspired applications like fabrication of superhydrophobic / superoleophobic 

surfaces, dew harvesting, Bio-MEMS, etc.  

3. Polymer-polymer bilayer studies can be extended for a trilayer system consisting 

of three polymeric layers and can expect new exciting phenomenon.This may lead 

to fabrication of more complex patterns with characteristics of all the three 

polymers. 
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4. The study also forms a fundamental basis for a detailed theoretical study with 

respect  to the phase separation in polymer bilayer system. Moreover, using 

simulation tools predicting the effect of polymer concentrations, rapid thermal 

annealing  over the phase separation can be taken up in future scope of work.  
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The polymer solutions deviate from classical Raoult’s Law. That states that for an ideal 

solution (∆𝐻𝑚𝑖𝑥 = 0), the partial pressure, 𝑝𝑖is equal to the product of equilibrium vapor 

pressure, 𝑝𝑖
∗ and mole fraction, 𝑥𝑖 i.e. 𝑝𝑖 = 𝑥𝑖𝑝𝑖

∗. To account for this non-ideality Flory and 

Huggins independently put forward the relation for entropy change of mixing for polymer 

solutions, which later became the successful tool that explains the phase behavior of polymers 

in solutions. The derivation from scratch is presented here. It is divided into three parts 

accounting the terms for 1) Entropy change of mixing of ideal solutions which contains non 

polymeric solute, 2) Entropy change of mixing for ideal polymeric solutions and 3) Expression 

for the system with, ∆𝐻𝑚𝑖𝑥 ≠ 0, later combining everything to account for ∆𝐺𝑚𝑖𝑥, while 

putting everything into, ∆𝐺𝑚𝑖𝑥 =  ∆𝐻 − 𝑇∆𝑆. The theory considers lattice model to derive the 

expressions for entropy, enthalpy and free energy change of mixing.  

1.1 Entropy change of mixing of ideal solutions (solute is not polymer).  

Consider a solution with B as solute dissolved in solvent A. The solution is considered as ideal 

solution (∆𝐻𝑚𝑖𝑥 = 0) and all interactions are identical. The system is represented in the form 

of a lattice in which solute and solvent molecules are represented by red and blue dots 

respectively Figure A1. Each molecule occupies single lattice site. 

 

Appendix 1 

Flory Huggins Theory    
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Figure A1 Lattice model for non-polymeric ideal solutions A: solvent (represented by blue) 

and B: solute (represented by red).  

                ∆𝐺𝑚𝑖𝑥 =  −𝑇∆𝑆;                     ∆𝐻 =  0                           (1) 

The expression for the change in entropy due to the formation of the mixture is given by  

                                                  ∆𝑆𝑚𝑖𝑥 =  𝑆12 − (𝑆1 + 𝑆2)                                  (2) 

According to Boltzmann entropy relation  

 𝑆 =  𝑘𝐵 ln Ω                                                   (3) 

Where 𝑆 is entropy, 𝑘𝐵 is Boltzmann constant and Ω is the total number of indistinguishable 

equal energy arrangements of the molecules.  

So, the expressions for 𝑆1, 𝑆2 and 𝑆12 are as follows:  

𝑆1 =  𝑘𝐵 ln Ω1; 𝑆2 =  𝑘𝐵 ln Ω2 and 𝑆12 =  𝑘𝐵 ln Ω12 

From equation 2 it follows that  

∆𝑆𝑚𝑖𝑥 =  𝑆12 − (𝑆1 + 𝑆2) 

∆𝑆𝑚𝑖𝑥 =  𝑘𝐵 ln Ω12 − (𝑘𝐵 ln Ω1 + 𝑘𝐵 ln Ω2) 

                                  ∆𝑆𝑚𝑖𝑥 =  𝑘𝐵 [ln
Ω12

Ω1.Ω2
]                                    (4) 
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Ω1: is the number of ways of placing N1 indistinguishable particles or molecules of pure 

solvent in N1 lattice site.  

Ω2: is the number of ways of placing N2 indistinguishable particles or molecules of pure 

solute in N2 lattice site.  

Likewise,  Ω12: is the number of ways of placing N1 + N2 indistinguishable particles or 

molecules of pure solute in N1 + N2 lattice site. 

For pure component Ω1= Ω2 = 1 and for a mixture of 1 and 2; Ω12 is given by  

Ω12 =  [
(N1 + N2)!

N1!  N2!
] 

From equation (4) we have  

∆𝑆𝑚𝑖𝑥 =  𝑘𝐵 [ln [
(N1 + N2)!

N1!  N2!
]] 

∆𝑆𝑚𝑖𝑥 =  𝑘𝐵[ln(N1 + N2)! −[ln(N1!) + ln (N2!)]]                     (5) 

According to Sterling’s approximation  

ln(𝑁)! = 𝑁 ln 𝑁 − 𝑁 

∆𝑆𝑚𝑖𝑥 =  𝑘𝐵[[(N1 + N2) ln(N1 + N2) − (N1 + N2)] −[N1ln(N1) − N1 + N2ln (N2) − N2]] 

After cancellation of the terms the equation reduces to  

∆𝑆𝑚𝑖𝑥 =  𝑘𝐵[[(N1 + N2) ln(N1 + N2)] −[N1ln(N1) + N2ln (N2)]] 

Upon rearranging the terms  

∆𝑆𝑚𝑖𝑥 =  𝑘𝐵[N1(ln(N1 + N2) − N1ln(N1) + N2(ln(N1 + N2) − N2ln (N2))] 

∆𝑆𝑚𝑖𝑥 =  𝑘𝐵[N1(ln(N1 + N2) − N1ln(N1) + N2(ln(N1 + N2) − N2ln (N2))] 
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     ∆𝑆𝑚𝑖𝑥 =  −𝑘𝐵 [(N1 (ln
N1

N1+N2
)) + (N2 (ln

N2

N1+N2
))]                   (6) 

                 ∆𝑆𝑚𝑖𝑥 =  −𝑘𝐵[(N1(ln 𝑋1)) + (N2(ln 𝑋2))]                        (7) 

Where, X1 and X2 are mole fraction  

                 ∆𝑆𝑚𝑖𝑥 =  −𝑘𝐵N𝐴𝑣[(n1(ln 𝑋1)) + (n2(ln 𝑋2))]                      (8)           

Where, N𝐴𝑣 is Avogadro’s number and n1 and n2 are number of moles  

                   ∆𝑆𝑚𝑖𝑥 =  −𝑅[(n1(ln 𝑋1)) + (n2(ln 𝑋2))]                              (9) 

Since we know R is universal gas constant is product of Boltzmann constant and Avogadro’s 

number.  

So, from equation (1) 

           ∆𝐺𝑚𝑖𝑥 =  𝑅𝑇[(n1(ln 𝑋1)) + (n2(ln 𝑋2))]                                    (10) 

It follows from equation (10) that 𝑋1 and 𝑋2 are less than one so ∆𝑆𝑚𝑖𝑥 > 0;  ∆𝐺𝑚𝑖𝑥 < 0. 

1.2 Entropy change of mixing of ideal polymeric solutions.  

Assumptions made here are as follows  

1. Same lattice describes the solvent, polymer and the solution.  

2. There is no volume change of mixing.  

3. All polymer molecule contains same number of segments.  

4. Self-interaction within the polymer is allowed.  

5. The volume occupied by one polymer segment is equal to that occupied by one 

solvent molecule.  

6. Mean Field Approximation: The segments are uniformly distributed throughout 

the lattice.  

Considering athermal mixing i.e. ∆𝐻𝑚𝑖𝑥 = 0 

So, it follows again  

∆𝐺𝑚𝑖𝑥 =  −𝑇∆𝑆 
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Figure A2 Lattice model for non-polymeric ideal solutions A: solvent (represented by blue) 

and Polymer B: solute (represented by interconnected red circles).  

Total number of molecules in the polymer solution = N1 + N2 

Or, total number of lattice site occupied in polymer solution = N1 + xN2, where is x segment 

per molecule.  

From equation (3) Boltzmann entropy relation  

𝑆 =  𝑘𝐵 ln Ω 

For pure solvent Ω1= 1 

But unlike earlier case Ω2 and Ω12 are not equal to one as interconnectivity of polymer chains 

can lead to multiple distinguishable arrangements.  

The first polymer segment can be placed anywhere in the empty lattice. For the next segment 

due to connectivity with the first segment the second segment can be placed in the neighboring 

lattice cells in the remaining x-1 lattice sites. Individual arrangement for each segment is 

calculated and number of possible conformations of polymer chain, 𝜈 , calculated by 

multiplying together the number of possible placements of all segments in the chain. The 

calculation is carried out for each molecule added successively. After the polymer molecules 
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added to the lattice cell, N1 solvent molecule are added to remaining N1 lattice site and only 

one distinguishable arrangement possible for solvent molecules as they are identical.  

So,  

Ω12 =
1

N2!
∏ 𝜈𝜁

𝑁2

𝜁=1

  

Using mean field approximation 

𝜈𝜁 = [𝑁 − 𝑥(𝜁 − 1)] {𝑧
𝑁 − 𝑥(𝜁 − 1)

𝑁
} {(𝑧 − 1)

𝑁 − 𝑥(𝜁 − 1)

𝑁
}

𝑥−2

 

Where z is the coordination number of the lattice. 

The above expression can be rearranged to  

𝜈𝜁 = 𝑧(𝑧 − 1)𝑥−2𝑁1−𝑥[𝑁 − 𝑥(𝜁 − 1)]𝑥 

So Ω12 can be expressed as  

Ω12 =
1

N2!
∏(𝑧 − 1)𝑥−2𝑁1−𝑥[𝑁 − 𝑥(𝜁 − 1)]𝑥

𝑁2

𝜁=1

  

Ω12 =
1

N2!
((𝑧 − 1)𝑥−2𝑁1−𝑥)𝑁2 ∏[𝑁 − 𝑥(𝜁 − 1)]𝑥

𝑁2

𝜁=1

 

For the pure polymer, Ω2 corresponds to the different arrangements of the xN2 polymer 

segments in xN2 lattice cells. We substitute in expression of Ω12 with xN2 we get,  

Ω2 =
1

N2!
((𝑧 − 1)𝑥−2(𝑥N2)1−𝑥)𝑁2 ∏[𝑥N2 − 𝑥(𝜁 − 1)]𝑥

𝑁2

𝜁=1
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∏[𝑥N2 − 𝑥(𝜁 − 1)]𝑥

𝑁2

𝜁=1

=
1

N2!
(𝑥N2)(1−𝑥)𝑁2(𝑥)𝑥𝑁2(N2!)𝑥 = (N2)(1−𝑥)𝑁2(𝑥)𝑁2(N2!)𝑥−1 

taking natural log and applying Sterling’s approximation  

we get  

(N2)(1−𝑥)𝑁2(𝑥)𝑁2(N2!)𝑥−1 = [
𝑥

𝑒𝑥−1
]

N2

 

So  

Ω2 =
1

N2!
((𝑧 − 1)𝑥−2(𝑥N2)1−𝑥)𝑁2 ∏[𝑥N2 − 𝑥(𝜁 − 1)]𝑥 =  (𝑧(𝑧 − 1)𝑥−2)𝑁2

𝑁2

𝜁=1

[
𝑥

𝑒𝑥−1
]

N2

 

Ω12 = Ω2 [(
𝑁

𝑥N2
)

N2

(
𝑁

N1
)

N1

] 

So combining the expressions we get  

∆𝑆𝑚𝑖𝑥 = 𝑘𝐵 ln (
Ω12

Ω2Ω1
) = 𝑘𝐵 ln [(

𝑁

𝑥N2
)

N2

(
𝑁

N1
)

N1

] = 𝑘𝐵 N2 ln (
𝑁

𝑥N2
) + N1 ln (

𝑁

N1
) 

So,  

∆𝑆𝑚𝑖𝑥 =  −𝑘𝐵[N2 ln (
𝑥N2

𝑁
) + N1 ln (

N1

𝑁
)] 

Where, 𝜙1 and 𝜙2 are volume fraction.  

∆𝑆𝑚𝑖𝑥 =  −𝑘𝐵 [N2 ln(𝜙2) + N1 ln(𝜙1)] 

∆𝑆𝑚𝑖𝑥 =  −𝑘𝐵[N2 ln(𝜙2) + N1 ln(𝜙1)] 

∆𝑆𝑚𝑖𝑥 =  −𝑘𝐵N𝐴𝑣[n2 ln(𝜙2) + n1 ln(𝜙1)] 

∆𝑆𝑚𝑖𝑥 =  −𝑅[n2 ln(𝜙2) + n1 ln(𝜙1)] 
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1.3 Enthalpy change of mixing for polymeric solutions  

The key assumptions that are made are as follows: 

1. Only first neighboring terms are considered.  

2. Only contacts allowed are between solvent solvent, solvent-segment, and segment-

segment contact and corresponding Gibbs free energies of interaction are 𝑔11, 𝑔22 and 

𝑔12 respectively.  

Gibbs free energy change for formation of solvent-segment contact is  

∆𝑔𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝑠𝑒𝑔𝑚𝑒𝑛𝑡 = 𝑔12 −  
1

2
(𝑔11 + 𝑔22)  

∆𝐺𝑚𝑖𝑥
𝑐𝑜𝑛𝑡𝑎𝑐𝑡 =  𝑝12 ∆𝑔𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝑠𝑒𝑔𝑚𝑒𝑛𝑡 

Where, 𝑝12 total number of solvent-segment interactions  

Number of lattice cells adjacent to each polymer molecule = [(𝑧 − 1)(𝑥 − 2)] + [(𝑧 − 1) × 2] 

Where,  

[(𝑧 − 1)(𝑥 − 2)]  accounts for the segments not presents in chain ends. 

[(𝑧 − 1) × 2] accounts for the segments presents in chain ends. 

Or in other terms  

Number of lattice cells adjacent to each polymer molecule = [(𝑧 − 2)(𝑥)] + 2 

For large 𝑥 the expression is approximated to [(𝑧 − 2)(𝑥)] 

Total number of lattice cells adjacent to all polymer molecule in the solution =N2[(𝑧 − 2)(𝑥)] 

Using mean field approximation,  

Total number of solvent-segment interactions, 𝑝12 = N2[(𝑧 − 2)(𝑥)]𝜙1  

So  
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∆𝐺𝑚𝑖𝑥
𝑐𝑜𝑛𝑡𝑎𝑐𝑡 =  N2[(𝑧 − 2)(𝑥)]𝜙1 ∆𝑔12 

We now define Flory Huggins interaction parameter as 

𝜒 =
(𝑧 − 2) ∆𝑔12

𝑘𝐵𝑇
 

∆𝐺𝑚𝑖𝑥
𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝑘𝐵𝑇N1 𝜙2 𝜒 = 𝑅𝑇n1 𝜙2 𝜒 

𝜒 = 𝑎 +
𝑏

𝑇
 

Where, a and b are constant independent of temperature.   

So Gibbs free energy change of mixing  

∆𝐺𝑚 = ∆𝐺𝑚𝑖𝑥
𝑐𝑜𝑛𝑡𝑎𝑐𝑡 − 𝑇∆𝑆 

So  

∆𝐺𝑚 = 𝑅𝑇n1 𝜙2 𝜒 + 𝑅𝑇[n2 ln(𝜙2) + n1 ln(𝜙1)] 

∆𝐺𝑚 = 𝑅𝑇[n1 𝜙2 𝜒 + n2 ln(𝜙2) + n1 ln(𝜙1)] 

This is the expression for Flory Huggins equation for Gibbs free energy change of mixing.  

Flory Huggins equation can quantitatively account for:  

1. Equilibrium thermodynamic properties of polymer solution.  

2. Phase separation and fractionation behavior.  

3. Swelling of network polymer.  

Limitations 

1. Mean field approximation is not suitable for dilute polymer solutions.   

2. 𝜒 is not a simple parameter. 

 

**The derivation is taken from NPTEL course titled as “Introduction to Polymer physics” by Dr. Amit Kumar, 

Associate Professor, Department of Chemical Engineering IIT Guwahati. 
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1. Polymer 

Polymer combines two Greek words, “poly” and “mers”; the former means many while the 

latter means repeating units. Hence, the Oxford dictionary defines polymers as “A natural or 

artificial substance consisting of large molecules (or groups of atoms) that are made from 

combinations of small, simple molecules.” These simple repeating subunits are known as 

monomers. The covalent bonding of monomers forms the polymers through the polymerization 

process. The number of units present in polymer chains is known as the degree of 

polymerization, N. Among various classifications, the polymers are broadly classified based 

on nature of origin, thermal behavior, molecular architecture, etc. Based on the type of 

monomers present, a polymer can be further classified as homopolymer and copolymer. A 

homopolymer is constituted of only one type of monomer unit bonded together either in a linear 

or crosslinked manner. 

On the contrary, a copolymer is a particular class of polymer in which two or more different 

repeated units covalently bonded to each other. Moreover, a solution of homopolymers in a 

common solvent is known as a polymer blend. The peculiar property of polymer blends and 

Appendix 2 

Background theories and tools    
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copolymers is phase behavior. To account for the phase behavior Flory and Huggins 

independently put forward the relation for entropy change of mixing for polymer solutions, 

which is popularly known as Flory Huggins theory. The theory is discussed in detail in 

Chapter 1 and Appendix 1. 

2. Thin films preparation through Spin coating 

Based on the desired application and type of material to be deposited, coatings can be deposited 

in the vapor or liquid phase. The present discussion is restricted to the film coating using the 

Spin coating technique. The spin coating is one of the most widely used techniques for 

preparing uniform film over a flat surface. The widespread applicability of spin coating is 

attributed to the deposition of a variety of materials like colloidal particles,[1–3] polymers,[4–

18] inorganic materials,[19] lipids,[20], etc. It is one of the best techniques to be utilized in the 

microelectronic industry for uniform coating resist over the substrates like silicon wafers with 

a thickness of a few nanometers.[21,22] It is a batch process that involves four steps 1) 

deposition, 2) spin-up, 3) spin-off, and 4) evaporation.  In the first step, a copious amount of 

liquid is dispensed over the substrate, either at rest or rotating at constant rpm. The substrate 

can be as large as 30 cm.[13]  In the spin-up step, the centrifugal force generated by the rotating 

substrate forces the liquid to flow radially outwards. Due to this radially outward flow, a large 

amount of solution is spun off (step 3), the substrate leaving behind a very thin layer of the 

liquid. Next, the solvent is evaporated from the deposited liquid, resulting in forming a thin 

coat over the substrate. The complete process is described in the report by Scriven.[23] The 

complete process is described in Figure S1. The factors that affect the film thickness are the 

concentration of the solution and rotation speed.[24] Moreover, the volatility of solvents used 

determines the roughness of the prepared films.[25] 
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Figure S1. The figure shows steps involved in spin coating (a) deposition, (b) 

spin-up, (c) spin-off, (d) evaporation of the residual solvent.  

3. Rapid thermal annealing (RTA) 

Most of the polymers degrade when annealed to high temperatures. Albeit when the annealing 

of the polymer was done at a very short period, the degradation of the chains can be prevented. 

Moreover, in the present work (Chapter 2 and Chapter 4) it has been demonstrated that it 

enhances the rate of phase separation in polymer blend films without affecting the molecular 

structures of the polymers. In our work, the RTA process has been extensively used to generate 

faster phase-separated domains in polymeric bilayer systems using a hot plate. A temperature 

of 300°C was carefully chosen as a set-point for the RTA process. The whole RTA process is 

divided into three parts: the samples were heated up to 300°C from the ambient temperature. 

When the set-point is achieved, the samples were allowed to remain at 300°C for the following 

30 s. After that, the temperature is suddenly reduced to allow samples to cool through natural 

convection.  The temperature profile is shown in Figure S2.  

 

Figure S2. The figure shows the temperature profile during the rapid thermal annealing 

process. 

 

TH-2803_156107005



 

144 

 

4. Capillary force lithography 

The Capillary Force Lithography (CFL) is a facile and low-cost combination of nanoimprint 

lithography (NIL) and soft lithography.[26] Owing to its simplicity and cost-effectiveness, 

CFL finds broad applicability in various fields such as gas sensing, drug delivery systems, 

biomimetics, etc.[27]  It is a patterning technique very similar to NIL; however, it utilizes a 

key feature of soft lithography by incorporating soft mold for pattern generation. Also, it is a 

low-pressure process, unlike conventional NIL.   

The process involves the spin coating of a thin layer of polymer over a substrate (mostly 

silicon wafers). Next, a soft mold is firmly placed over the previously coated polymer film. In 

most cases, the soft elastomeric poly dimethyl siloxane (PDMS) mold is utilized. The system 

is then heated to a temperature higher than that of the glass transition temperature (TG) of the 

polymer. At a temperature T> TG the mobility of the polymer chains increases. This allows the 

cavities inside the mold to be filled up with the polymer through capillary force.  After cooling 

to room temperature, the mold can be removed and a negative replica of the cavities in the 

mold is created over the substrate. In our work, aluminium foil peeled off the compact disks is 

utilized as the soft mold for the experiments involving CFL (Chapter 2, Chapter 3, and Chapter 

4).  

5. Electron beam lithography (EBL) 

The electron beam lithography (EBL) is a sophisticated and advanced technique that utilizes 

focussed electron beam to draw features over polymeric films. A schematic represented EBL 

set-up is shown in Figure S3. The efficacy of EBL to draw features of the order of few 

nanometres allows its use in intricate nanoscopic pattern generation.  The polymer on which 

direct writing is done is broadly classified into two viz. positive resists (for example, 
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polymethyl methacrylate) and negative resists (for example, polystyrene). The former type 

resist is exposed with a focussed beam the bonds between the polymer units break down in the 

exposed area. These broken chains are removed using a suitable solvent. This process is known 

as development. On the contrary to this, in the negative type resist, the crosslinking of the 

polymer occurs in the exposed area. Subsequently, the unexposed polymer is removed in 

development process. For further reading on lithographic techniques one can refer review 

article by del Campo and Arzt.[28] The combinations of  EBL and random copolymers (RCP), 

can be utilized for  complex pattern generation (Chapter 5). The study shows the morphological 

changes occurring when RCP is exposed with variable dose of e-beam.  

 

Figure S3. The figure shows the schematic represented electron beam lithography set-up. 

6. Characterization techniques 

6.1 Atomic force microscopy  

In mid-80s, scientists invented Atomic Force Microscopy (AFM) to study the surface 

characteristics of non-conducting samples.[29] The technique was a variation of Scanning 
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Tunnelling Microscopy (STM) in which only conducting samples were characterized using 

tunneling current. The resolution limit of AFM is of the order of few nanometres that enables 

users to study the samples' surface properties. The versatility of the AFM can be seen from the 

fact that a wide variety of samples can be analyzed. These include biological, polymeric, 

nanoparticles. The set-up consists of a sharp, probing tip attached to a cantilever that scans the 

sample's surface. The interaction between the probing tip and the samples enables user to 

measure local properties like height, surface roughness, magnetic properties, surface potential 

etc. Usually, three types of mode are used to measure the surface properties, namely contact 

mode, intermittent contact mode (also known as tapping mode), and non-contact modes.[30] 

In the presented work, AFM is extensively used to determine the surface properties of the 

samples.  

6.2 Raman Spectroscopy  

Raman Spectroscopy is a unique characterization technique that is used to identify  vibrational, 

rotational or other low frequency modes of a sample. These information is unique for a given 

material. Thus raman spectroscopy is a reliable characterization technique that provides 

information about molecular and crystal symmetry, bond strengths of the substrates, phase 

identification purposes, structural disorders, etc.[30,31] 

6.3 Ellipsometry  

The ellipsometry is a non destructive optical technique used to characterize thin films for 

properties like film thickness, refractive index, composition etc. It works on the principle of 

change in the polarization of light after reflection from a surface as a ratio of two 

perpendicularly polarized beams. The light emmited from a light source is linearly polarized 

used polarizer. The light is then passe through a compensator. Thereafter, it is incendented over 
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a surface with angle of incident, 𝜙. The light is reflected and passed through detector via 

analyzer. The whole set-up is schematically represented by Figure S4. The polarization state 

of the light consist of s which  oscillates orthogonally to the plane of incidence and parallel to 

the sample surface. However, the p component oscillates parallel to the plane of incidence. The 

complex reflectance ratio , which is the ratio of amplictude of p and s components is calculated 

as:  

𝜌 =
𝑟𝑝

𝑟𝑞
= tan(Ψ) 𝑒𝑖Δ 

Where, The amplitude ratio is represented by tan(Ψ) and phase difference is represented by 

Δ. Optical properties are calcutated based on models applied on the values of Ψ and Δ. [31] 

 

Figure S4. The figure shows the schematic represented ellipsometry set-up.  

 6.4 Field Emission Scaning electron Microscopy (FESEM) 

The scaning electron microscopy (SEM) involves the raster scaning of the samples by high 

energy focussed electron beams. The technology exploits the interaction of eletrons with the 

material, which produces various signals. These signals when detected reveals properties of 

the surface like morphologies and composition. The advanced version of conventional 

convetional SEM is FESEM.The main difference between SEM and FESEM is the emission 

source. In conventional SEM the emission source is thermionic type and in FESEM  is the field 
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emission type. The field emission type emitter is better than conventional thermionic type 

emitter as it is capable of providing extremely focused high and low-energy electron beams. 

This enhances the resolution and also reduces the working potentials lesser thab 5 kV. 

 6.5 Differential Scaning Calorimentry (DSC) and Thermo Gravimetric Aanlysis (TGA)  

The changes in properties of material with variations in temperature is characterized by TGA 

and DSC analysis. The changes in heat flow in the sample as the sample is heated or cooled, is 

monitored by DSC. In the analysis the sample and the reference are heated to same 

temperature.When thermal transition occurs in  the sample, the heat flow to the sample with 

respect to the reference also changes. This is done to maintain the sample at the set temperature. 

A schematic DSC curve is shown by Figure S5.[32] 

 

Figure S5. The schematic represented DSC curve.  

The TGA analysis also provides information about the changes occurring in the material with 

changes in the temperature.  Unlike DSC, the TGA measures the changes in the weight of the 

sample with time at a set the temperature. The typical TGA graph is shown by Figure S6. 

[32] 
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Figure S6. The schematic represented TGA curve.  

7. Sources of errors 

The intrinsic nature of the system under consideration is itself random and even the smallest 

of the fluctuations can lead to completely different results. Hence, all the experiments are 

performed multiple times to ensure the concordant results.  

Moreover, the image analysis softwares like ImageJ and Nanoscope Analysis are used 

for the calculations of parameters like diameters, number density and wavelength of the 

patterns. The alogorithm of such softwares identifies the features based on image analysis. 

However, many a times the to user is required to manually identify the features. This step can 

be a source of manual error if this step is not meticulously performed.   

 While samples being analysed using AFM, the operator of the instrument must ensure 

that the tip used to scan the sample is in good condition as a contaiminated or blunt tip may 

lead to poor quality of image. This will lead to the error in calculations of parameters like 

diameters and height of the features.   
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Section S1: TGA of the polymers at aerial condition 

Figure S1. TGA for (a) PS (b) PMMA and (c) random PS-b-PMMA under aerial condition. 

Section S2: AFM phase images 

S2.1 Phase Images for blend over PS underlayer 

Figure S2.1 The AFM phase images for blend over 0.5% PS underlayer after (a) spin coating (b) RTA 
(c) acetic acid and (d) cyclohexane treatment. Similarly, AFM phase scans of 20 µm x 20 µm for blend 
over 1 % PS underlayer after (e) spin coating (f) RTA (g) acetic acid and (h) cyclohexane treatment.

 

 

Appendix 3 

Supplementary information:  

Effect of Labile Underlayer on the 

Morphology of Thermally Annealed 

Polymer Blend 
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S2.2 Phase Images for blend over PMMA underlayer 

Figure S2.2 The AFM phase scans of 20 µm x 20 µm for blend over 0.5% PMMA after (a) spin coating 
(b) RTA (c) acetic acid and (d) cyclohexane treatment. Similarly, AFM phase scans of 20 µm x 20 µm 
for blend over 1% PMMA after (e) spin coating (f) RTA (g) acetic acid and (h) cyclohexane treatment. 

S2.3 Phase Images for blend over blend underlayer 

Figure S2.3 AFM phase scans of 20 µm x 20 µm for blend over 0.5% blend after (a) spin coating (b) 
after RTA (c) acetic acid treatment and (d) cyclohexane treatment. Similarly, AFM phase scans of 20 
µm x 20 µm for blend over 1% blend after (e) spin coating (f) RTA (g) acetic acid treatment and (h) 
cyclohexane treatment.  

S2.4 Phase Images for blend over RCP underlayer 

Figure S2.4 AFM phase scans of 20 µm x 20 µm for blend over 0.5% RCP after (a) spin coating (b) RTA (c) 
acetic acid treatment and (d) cyclohexane treatment. Similarly, AFM phase scans of 20 µm x 20 µm for blend 
over 1% RCP after (e) spin coating (f) RTA (g) acetic acid treatment and (h) cyclohexane treatment. 
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S1. Tone reversal behavior of PMMA with e-beam dose: 

Upon irradiation with electron beam, Poly methyl methacrylate (PMMA) exhibits tone reversal 

beahvior. This phenomenon is already demonstrated by Hoole et al.[1] If a PMMA thin film is 

irradiated with varying e-beam dose and subsequently developed with MIBK/IPA, the remnant 

film thickness can be schematically depicted as shown in figure S1 below: 

 

Figure  S1. Schematic depicts PMMA film thickness h as a function of e-dose of e-beam 

exposure and subsequent developing with MIBK/IPA. The pink dotted line shows the initial 

film thickness ho and the shaded region shows the transition zone from positive to negative 

resist behavior with e-dose.

 

Appendix 4 

Supplementary information: 

Complex nanostructure 

generation by e-beam 

lithography on a random block 

copolymer thin-film   
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S2. All the AFM images and line scan of the Figure  2 of the main text. 

 
Figure  S2. AFM images showing morphological pattern of PS-r-PMMA film when exposed 

with variable dose of e-beam creating 1-D confinement. The e-beam doses used are (i) 180 

µC/cm2, (ii) 700 µC/cm2, (iii) 1500 µC/cm2, (iv) 3000 µC/cm2, (v) 5000 µC/cm2, (vi) 6000 

µC/cm2, (vii) 10000 µC/cm2. After selective solvent etching. (viii) PMMA removal and (ix) PS 

removal from (vii). The corresponding line scans are shown by graphs (x), and (xi). The arrow 

shows the region of e-beam exposure.  

 

 

S3. All the AFM images and line scan of the Figure  3 of the main text: 

 
Figure  S3. AFM images showing morphological pattern of PS-r-PMMA film when exposed 

with variable dose of e-beam creating 2-D confinement. The e-beam doses used are (i) 180 

µC/cm2, (ii) 700 µC/cm2, (iii) 1500 µC/cm2, (iv) 3000 µC/cm2, (v) 5000 µC/cm2, (vi) 6000 

µC/cm2, (vii) 10000 µC/cm2. After selective solvent etching (viii) PMMA removal and (ix) PS 
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removal. The corresponding line scans are shown by graphs (x), and (xi). The arrow shows the 

region of e-beam exposure.  

S4. Representative FESEM images of 1D stripe pattern: 

 

 

Figure  S4. FESEM images showing morphological pattern of PS-r-PMMA film when exposed 

with variable dose of e-beam creating 1-D confinement. The e-beam doses used are (a) 900 

µC/cm2, (b) 1500 µC/cm2, (c) 2000 µC/cm2, (d) 3000 µC/cm2, (e) 5000 µC/cm2, (f) 7000 

µC/cm2, (g) 8500 µC/cm2, (h) 10000 µC/cm2. Scale bars represent 1 m. 

 

S5. Representative FESEM images of 2D square pattern: 

 

 

Figure  S5. FESEM images showing morphological pattern of PS-r-PMMA film when exposed 

with variable dose of e-beam creating 2-D confinement. The e-beam doses used are (a) 900 

µC/cm2, (b) 1500 µC/cm2, (c) 2000 µC/cm2, (d) 3000 µC/cm2, (e) 5000 µC/cm2, (f) 7000 

µC/cm2, (g) 8500 µC/cm2, (h) 10000 µC/cm2. Scale bars represent 1 m. 

S6. Schematic Energy distribution of an electron beam: 
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Figure  S6. Schematic of the Energy distribution as a function of distance from the centre of 

the e-beam exposure (r). 

S7. Effect of different exposure pitch: 

 

Figure  S7. ~44 nm RCP film with ~500 nm exposure pitch with e-beam dose of 8000 C/cm2. 

Line scan AB reveals that the dewetted structure of polymer droplet having ~150 nm diameter 

is obtained. 

S8. Effect of different film thickness: 

 

Figure S8. ~ 45 nm (i), ~ 22 nm (ii), and ~ 11 nm (iii) RCP film when exposued to 10000 

C/cm2 e-dose havinf 2-D pattern of 1m pitch. (iv) depicts the line scan revealing the 

miniaturization of dewetted droplet size with decreasing film thickness. 
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