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Abstract 
 

Effect of chain conformation on the polymer 

deformation for a nano-scale molding process 

 

Moon, Sung Nam 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

  

In recent years, many studies related to the manufacturing of sub-100nm 

structures have been carried out in an effort to develop devices and core 

components for the future of science and industry. However, material exhibits 

different behaviorial tendencies at the micro/nano-sclae level than they do at the 

macro level. Existing micro/nano-scale molding processes have been developed 

based on continuum mechanics, such as deformation in the viscoelastic region 

or flow behavior in the viscous region. However, the deformation of a polymer 

during the molding process can be changed from that in the macro scale by 

decreasing the dimension of the molded parts below the polymer chain size. 

That is, with downsized patterns and process dimensions, the size effects of 
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polymer chains such as the polymer conformational dynamics and the 

entanglement effect should be considered in the analysis and process design.  

In this study, nano-scale deformation of entangled polymer chains was 

investigated by thermal nanoimprint lithography (T-NIL) experiments. The 

dependence of the processability on the ratio of the polymer chain size, 

represented by the radius of gyration (Rg), and the cavity diameter was 

investigated by varying the pressure and film thickness for the imprinting 

process. The T-NIL process was implemented under the condition where only 

segmental deformation in the molecular chain occurs rather than in the entire 

chain network of the polystyrene (PS)-film. 

The results of the experiment of the bulk thick film revealed that if the cavity 

diameter was smaller than the diameter of gyration (2Rg) of the polymer, the 

processability decreased as the cavity diameter decreased, whereas no 

significant difference was observed if the cavity diameter was greater than 2Rg. 

Moreover, under a higher imprinting pressure, hardly any improvement in the 

processability was observed in the cavity diameter less than 2Rg, whereas 

considerable improvement was observed in a large cavity diameter. These 

results were also verified with the local density variation of the imprinted 

patterns. 

In this study, the effect of the film thickness on the polymer deformation was 

also investigated. When the initial film thickness is larger than 15Rg, the filling 

height was converged regardless of the film thickness at the given process 

conditions (temperature, pressure, molecular weight). On the other hand, when 
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the initial film thickness is less than 15Rg, the filling height decreased for each 

cavity region. In addition, the dimensional analysis was performed based on the 

result of the experiment, and proposed relationship between dimensionless 

parameters. 

Finally, the apparent viscosity was reversely estimated using the filling ratio 

results, and a correlation with the film thickness was obtained. Through the 

estimation of the apparent viscosity, the physical meaning about the 

processability depending on the initial film thickness was analyzed in the 

continuum perspective. Furthermore, it is confirmed that the analytic solution 

applied the apparent viscosity model well predicted the actual filling height. 

Thus, the one master curve representing processability for different film 

thickness could be obtained from analytic approach. In addition, the numerical 

simulation applied the apparent viscosity model was investigated for different 

initial film thickness. The estimated apparent viscosity model well predicted the 

flow behavior compared to the existing Carreau-Yasuda model.  
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polymer deformation 
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Introduction 
 

 

 

1.1    Overview and problem description 

 

The recent development of various types of micro/nano-scale manufacturing 

processes has kindled and fueled research activities on thin polymeric films and 

their applications. In particular, micro/nano-scale molding processes such as hot 

embossing, nanoimprint lithography (NIL), and soft lithography have been 

attracting growing attention owing to their low cost, high throughput, and 

suitability for large-area applications compared with conventional patterning 

processes.[1-3] Successful cases of NIL-based sub-10-nm patterning have been 

reported,[4] and applications of the related technologies have been expanded to 

optical displays, semiconductors, and bioengineering.[5] 

Existing micro/nano-scale molding processes have been developed based on 

continuum mechanics, such as deformation in the viscoelastic region or flow 

behavior in the viscous region. However, the deformation of a polymer during 

the molding process can be changed from that in the macro scale by decreasing 
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the dimension of the molded parts below the polymer chain size.[6] That is, 

with downsized patterns and process dimensions, the size effects of polymer 

chains such as the polymer conformational dynamics and the entanglement 

effect should be considered in the analysis and process design.[6] 

After recent advances in measurement technologies such as small-angle 

neutron scattering and fluorescence microscopy, a large number of studies has 

been conducted on conformational dynamics, mostly limited to individual 

chains in a dilute solution state. Those studies reported that individual chain 

conformation is influenced by external flow such as elongational or shear 

flow.[7-13] 

However, in regions where the volume occupied by the polymer chain is equal 

to the volume of the entire solution, i.e., semi-dilute regions where the solution 

concentration is higher than the segmental overlap concentration (C*), 

difficulties arise from the constraint that the excluded volume interaction and 

the inter-chain entanglement effect should be considered.[14-16] Studies on the 

dynamics of polymer chains in a melt that exceed the critical molecular weight 

(Mc) are limited to individual chains for the most part.[17-19] The temporary 

network of entangled chains should be considered for analyzing polymer chains 

dynamics induced by external forces.[5, 20] 

Furthermore, in a confined region where the initial polymer film thickness and 

cavity size are equal to or smaller than the polymer chain size, there have been 

conflicting reports about the polymer dynamics.[21] Rowland et al. reported 

that molecular confinement accelerates deformation of entangled polymers 
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during squeeze flow through the loss of entanglement of the polymer chains 

within a confined thin film.[21, 22] Shin et al. also suggested that when the 

entangled polymer enters and flows into the confined geometry, the 

interpenetration of the polymer chains decreased which resulted the unexpected 

enhancement in flow.[23] However, Hu et al. reported that confined polymer 

thin films have slow mobility at the surface due to enhanced entanglement 

interactions.[24] In a study on molecular dynamics (MD) published by Kim et 

al., it was demonstrated that a larger pressure is required to acquire the same 

degree of filling when the cavity size of the mold is smaller than the diameter of 

gyration (2Rg).[25] However, such MD-related studies on the nanoscale 

molding process still have a limited capacity of simulating the actual behavior 

due to the limitation of the control volume size and computation time. 

 

 

1.2    Nano-scale molding process and polymer 

conformation 

 

1.2.1 Nanoimprint lithography 

 

Nano-scale molding is the most promising micro/nano scale fabrication 

technology due to its high resolution, fast throughput, and cost effectiveness 

relative to other micro-/nano- manufacturing technologies. Several forms of 
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nano-sclae molding process exist, including NIL, micro contact printing (uCP), 

and roll-to-roll methods.[26, 27] These types of processes also can be classified 

according to the curing method employed (thermal or UV) and the materials 

used for the mold and the resist. Nano-scale molding process is completely free 

from the resolution-limiting factors, such as light diffraction and beam 

scattering, which are often inherent in the more conventional photolithographic 

approach.[5] 

 

 

Figure 1.1 Schematic diagram of Thermal- NIL and UV-NIL 

 

A process scheme of NIL process are shown in Figure 1.1. As shown in the 

Figure 1.1, NIL processes incorporate two steps, that 1) the underlying resist is 

pressured by the mold directly in order to transfer the pattern (the printing 

stage), and 2) the mold must be removed from the resist after printing (the 

demolding stage).  

In the pressing stage, micro/nano-scale patterns on a mold are transferred to a 

polymer resist. The understanding of polymer flow during the pressing stage is 

thermal-
NIL 

UV-NIL 
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directly related to the processability that in turn directly affects the throughput 

and cost of the process. 

In the demolding stage, the occurrence of demolding forces has a significant 

impact on the productivity of the process and final product features. These 

demolding forces can cause fractures and destruction of the polymer patterns 

and the mold.[28] These demolding forces, which originate from the mold-

polymer contact areas, consist of micro/nano scale adhesion and friction forces. 

These forces are affected by the structure of the surface and the subsequent 

surface energy state.[29] 

 NIL process has been used to fabricate a variety of electronic, photonic, 

magnetic, and biological devices, including silicon nano-transfers, high speed 

photo detectors, magnetic nanostructures for storages, and high resolution 

organic LEDs.[30, 31] The use of NIL for device fabrication has become 

broader. 

 

 

Figure 1.2 Applications of the NIL process 
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A number of studies employing experiments or numerical simulations have 

been performed since the NIL process was first proposed. Many of these works 

focused on the use of stamps,[32] resist polymer,[33] and resin deformation.[34] 

In particular, a number of parametric studies have been conducted to achieve 

large area patterning and smaller pattern size.[35] However, there are few 

studies exist on the effect of molecular size on the processability. While many 

researchers have investigated the physical phenomena related to the filling 

behavior, the correlation between the polymer chain size and the patterning 

process has been neglected, despite the fact that this could offer valuable insight 

into the printing process. 

 

 

Figure 1.3 Scanning electron microscopy (SEM) images of the nano-
patterns fabricated by thermal nanoimprint lithography (Reproduced 
from [36]) 
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Figure 1.4 Results of numerical simulation of the NIL process [6] 

 

To identify research trends and industrial application related to the NIL 

process, patent research was performed. The research was mainly conducted 

registered or published patents using a patent search and analysis tool on the 

website, www.wisdomain.com.   

The changes in total number of patents per year were investigated to study the 

quantitative trends of patents related to the NIL process. To derive competitive 

and qualitative trends of the process, annual trends of each patent classification 

were investigated after classifying them based on both international patent 

classification system (IPC) and Unites States patent classification system (UPC). 
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In addition, it was attempted to deduce changes of maturity and trends of the 

related technology by reviewing their annual rating1 distribution based on each 

patent classification. 

 

 

Figure 1.5 Total number of patents related to the NIL process 

 

l The total number of patents related to nanoimprint lithography for 10 

years since 1995 is 2304 (registered + published patents in US)  

l The number of patents related to the process was increased until 2011, 

but rapidly decreased thereafter 

 

                                         
1 Assessment method for patent rating proposed by Wisdomain  
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Figure 1.6 Rating trend of patents related to the NIL process 

 

l Numbers of high rating patents of patent grade A- or above consistently 

increased until 2004, but tends to decrease thereafter. Similarly, those 

having rating B+ or below were increased until 2009, but tends to 

decrease thereafter 

l Even though there is a possibility that rating of recent patents could be 

underestimated due to patent number reduction and patent evaluation 

method, it is estimated that the competitiveness for industrialization 

gradually decrease based on the trends of consistent decrease of high 

rating patent numbers as well as rapid decrease of total patent numbers  

 

Trends in the process technology were examined through changes of patent 

numbers and rating in each category after sorting out patents related to the NIL 
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using UPC. In the case of the NIL process, it can be easily classified such as 

process, apparatus, application area, and terminology, when UPC is used 

compared to IPC. For convenience, only top 20 highest classifications are 

shown in the chart below. 

 

 
Figure 1.7 United States patent classification related to the NIL (U42PC) 

 

In the case of UPC, molding or process (264) related to polymers was most 

abundant. Overall process such as semiconductor manufacturing and coating 

process was mostly found. Applications are semiconductors, data storage, optics, 

biotechnology, resin development, etc. In the case of UPC, patents about 

apparatus (425) can be classified in addition to the process categories, and 

whole process and application was easily distinguished compared to IPC. 
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Accordingly, changes of patent numbers per year, which was summed by 

classifying them for process, application, apparatus, etc. using UPC were shown 

in the graph below. The general flow of technology, that is, how changes of 

development of current technology related to the NIL was investigated. 

 

 

Figure 1.8 Specific trend of the NIL process 

 

l The number of the patents in all categories increased until 2009, after 

then it showed a declining trend. This trend was almost the same as the 

total patent trend 

l The order of proportion was process, application, apparatus, technical 

& scientific term, and technology 



12  CHAPTER 1 

                                                           

To complement the above evaluated data, the maturity of the NIL process was 

compared with the photolithography. Below Figure 1.9 shows comparisons 

between NIL process and photolithography about the number of patents in each 

categories and high-grade patent based on the US patent classification. 
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Figure 1.9 Comparisons between NIL process and photolithography 

 

l The number of patents related to photo-lithography process is 5-times 

compared to those related to NIL 

l In the case of photo-lithography, patents related to the application 

category occupied in half among top-20 classes when UPC is used 

l Patents for process were most abundant for the NIL process, and 

patents with rating A- or higher were approximately 10% for each 
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categories 

When compared to photolithography, NIL process has not advanced to a step 

for application yet because it remains at the stage of process because patents 

related to apparatus with high rating are still abundant. This means that the NIL 

process has not reached at the same level and industrial maturity of the existing 

photolithography technology. To improve for research and technical maturity of 

nano-scaling molding technology, intense studies are necessary about polymer 

deformation at micro/nano-scale as described in section 1.1. 

 

 

1.2.2 Radius of gyration 

 

In the nano-scale process, the physical properties and behavior of the polymer 

chains are greatly affected by the individual chain structure of the polymer and 

the overall chain-like network. For an individual polymer chain, the chemical 

composition and its streostructure (configuration) is decided via a 

polymerization process and cannot be changed without breaking covalent 

chemical bonds. 

 After polymerization, a single flexible macromolecule can adopt many 

different conformations. A conformation is the spatial structure of a polymer 

determined by the relative locations of its monomers. Thus, a conformation can 

be specified by a set of n-bond vectors between neighboring backbone atoms. 

The conformation that a polymer adopts depends on three characteristics; 
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flexibility of the chain, interactions between monomers on the chain (short-

range, intra-chain), and interactions with surroundings (long-range, inter-

chain).[37] 

 

Size of polymer chain is dependent on its configuration and conformation and 

thus the size is intensely studied as a factor that affects its viscosity, and 

mechanical, thermal, and optical properties. In this study, polymer deformation 

according to the chain size of amorphous polymer and film thickness were 

examined using nano-scaling molding process. 

The size of linear chain can be characterized by their mean-square end-to-end 

distance. However, for branched or ring polymers this quantity is not well 

defined, because they have either too many ends or no ends at all. Since all 

objects possess a radius of gyration, it can characterize the size of polymers of 

any architecture. The square radius of gyration is defined as the average square 

distance between monomers in a given conformation (position vector Ri) and 

the polymer’s contre of mass (position vector Rcm) [37]: 

 
  

 ≡
1

 
 (  −    ) 
 

   

 (1.1) 

The position vector of the centre of mass of the polymer is the number-average 

of all monomer position vectors: 

 
   

 ≡
1

 
 (  )

 

 

   

 (1.2) 

Substituting the definition of the position vector of the centre of mass into Eq. 
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(1.1) gives an expression for the square radius of gyration as a double sum of 

square over all inter-monomer distance [37]: 
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The last term in the sum can be written as 
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Therefore, the expression for the square radius of gyration takes the form 
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Each pair of monomers enters twice in the double sum of Eq. (1.4). 
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Alternatively, this expression for the square radius of gyration can be written 

with each pair of monomers entering only once in the double sum [37]:  

 
  

 =
1

  
  (  −   )

 

 

   

 

   

 (1.5) 

For polymers and other fluctuating objects, the square radius of gyration is 

usually averaged over the ensemble of allowed conformations giving the mean-

square radius of gyration [37]:  
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 (1.6) 

 

For non-fluctuating (solid) objects such averaging is unnecessary. The 

expression with the centre of mass is useful only if the position of the centre of 

mass Rcm of the object is known or is easy to evaluate. Otherwise, the 

expression for the radius of gyration in terms of the average square distances 

between all pairs of monomers is used.[37] 

The Rg value of the polymer chains depends on the solvent used; polymer 

chains expand in the good solvent because the interaction between the polymer 

chain segments and solvent molecules are more energetically favorable, while 

in the theta state, the dimensions of the polymer chains are controlled entirely 

by the intra-molecular interactions, and they are unaffected by the solvent. For a 

poor solvent, polymer-polymer self-interaction are preferred, and the polymer 

coils will contract.[38] 
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1.3    Research objective and scope 

 

In this study, the dependence of the processability on the ratio of the polymer 

chain size, represented by Rg, and the cavity diameter was investigated by 

varying the pressure and film thickness for the imprinting process. We 

implemented a thermal nanoimprinting lithographic (T-NIL) process under the 

condition where only segmental deformation in the molecular chain occurs 

rather than in the entire chain network of the polystyrene (PS)-film.  

Therefore, the main objective of this study is that the size of the polymer chain 

represented by Rg is correlated with the processability for low-pressure molding 

processes. In order to approach this objective, some sub-objectives should be 

conducted. These sub-objectives can be summarized as 

 

- Investigate the size effects of the polymer chains on the polymer 

deformation for bulk thick film at the confined mold geometry 

- Investigate the thickness effect on the polymer deformation for the sub- 

µm polymer film at the confined mold geometry 

- Measure the density variation of the molded patterns fabricated by 

confined mold geometry to confirm the limited segmental deformation 

- Induce the apparent viscosity inhering the confinement effect of the 

cavity and film thickness 
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- Suggest the relationship between processability and chain conformation 

- Consider the analytical and numerical simulation method using the 

apparent viscosity for explaining the polymer deformation 

- Consider the approach of the molecular dynamics simulation for 

explaining the polymer deformation at the confined geometry  

 

 

Figure 1.10 Research objective and scope 

 

Chapter 2 explains overall experiment method, materials, and process variables 

used to achieve detailed sub-objectives described above. Chapter 3 covers 

effects of polymer chain size on the nano-sclae molding process in detail by 

varying the imprinting pressure on 1.5 µm-bulk thick film. Chapter 4 deals with 

effects on polymer deformation by film thickness and polymer chain size, and 

modeling was performed to predict the processability. In addition, the apparent 

viscosity of the thin polymer film was calculated based on the results of the 
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experiment for the nano-scale molding process. 

 



CHAPTER 2   
                                                                    

 
 

Experimental Section 
 

 

 

In this study, the effect of the chain conformation on the polymer deformation 

was investigated. The polymer deformation was achieved through thermal 

nanoimprint lithography (T-NIL) which is a representative nano-scale molding 

process. For the T-NIL process, the stamps that have nano-scale cavities and the 

polymer film where patterns were molded were necessary. Firstly, specification 

of nano-pattern and manufacturing process of the stamp will be described. 

Next, as mentioned in a section 1.2.2, a conformation is the spatial structure of 

a polymer and can be represented by the size of polymer chain. The size of 

polymer chain have been intensely studied as a factor that affects its viscosity, 

and mechanical, thermal, and optical properties. In this chapter, materials and 

the preparation process of the polymer film will be addressed. 

Finally, the T-NIL equipment configuration and process condition for the T-

NIL process will be discussed. In this study, the T-NIL experiments here were 

performed at lower pressures (1-10 bar) than the common T-NIL process in 

order to observe the effect of the chain size more easily. 

 



21 

                                                                                         

 

2.1    Fabrication of the film stamp 

 

2.1.1 Master Mold 

 

The cavity area of the master mold was partitioned into square regions (100 

µm × 100 µm), and each region was comprised of arrays of cylindrical cavities 

with identical diameters and depths. We fabricated two types of master molds 

using e-beam lithography and additional etching. Master mold #1 consisted of 

13 regions with cavities of 100–500 nm diameter and a target depth of 250 nm. 

Master mold #2 consisted of 3 regions with cavities of 50-100 nm diameter and 

100 nm target depth. The composition of the pattern areas in the master molds 

are shown in Figure 2.1. 

 

 

Figure 2.1 Composition of the pattern areas in the master molds 
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The spacing between cavities was designed to be 5 times their diameter. The 

detailed images of each pattern areas are shown in Figure 2.2 and 2.3 using the 

scanning electron microscope (SEM, Hitachi, Japan). The pattern diameter of 

the fabricated mater molds deviate from those of the design spec during etching 

process. The round sidewalls, which are typical feature of the isotropic etch due 

to the undercutting the mask layer, are also shown in Figure 2.4. 

 

 

Figure 2.2 Scanning electron microscope images of the master mold #1 

 

Figure 2.3 Scanning electron microscope images of the master mold #2 
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Figure 2.4 Cross-sectional image of the cavity region 

 

2.1.2 Film stamp 

 

The imprinting stamps used in this study were fabricated by transferring the 

prefabricated Si master mold to a duplicate template, from which each 

experimental stamp was fabricated on a flexible film (see Figure 2.5a). We 

fabricated the duplicate template and experimental stamps by transferring the 

patterns onto a polycarbonate (PC) plate and polyethylene terephthalate (PET) 

film, respectively, using UV-curable polyurethane (PUA) resin (Minuta Tech, 

Korea).  

The duplicate template and stamp were fabricated by the following procedure: 

drops of UV-curable PUA precursor were dispensed onto the substrate, after 

which the master was exposed to UV (250-356nm) for 40 seconds at an 

intensity of 90 mW/cm2 to cure the PUA precursor while slightly pressing a 

rigid PC plate and PET film against the drops. Then, the template and stamps 
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were subjected to additional UV radiation for 12 h to remove residual radicals. 

Figure 2.5 (b) shows the average pattern diameter and height of the duplicate 

template. The pattern diameter and height of the template deviate from those of 

the master mold during etching and template fabrication. In the analysis of the 

filling ratio, the evaluation was performed with the diameter and height of the 

template, not the master mold. 

 

. 

Figure 2.5 (a) Schematics of the master, duplicate template, and film stamp. 

(b) Diameters of the patterns of the duplicate template and corresponding 

heights 
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2.2    Preparation of the polymer film 

 

2.2.1 Polystyrene 

 

The selection of a polymer system for use as NIL resist should consider 

critical aspects such as correct pattern replication, modest imprint temperature 

and pressure, proper mold release, and etch selectivity. The vast majority of 

thermal NIL methods uses homopolymer resists such as PMMA and PS. PS is a 

vinyl polymer. Structurally, it is a long hydrocarbon chain, with a phenyl group 

attached to every other carbon atom. Polystyrene is produced by free radical 

vinyl polymerization, from the monomer styrene. 

 

 

Figure 2.6 Molecular structure of the polystyrene 

 

The material's properties are determined by short-range van der Waals 
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attractions between polymers chains. Since the molecules are long hydrocarbon 

chains that consist of thousands of atoms, the total attractive force between the 

molecules is large. When heated (or deformed at a rapid rate, due to a 

combination of viscoelastic and thermal insulation properties), the chains are 

able to take on a higher degree of conformation and slide past each other. This 

intermolecular weakness (versus the high intramolecular strength due to the 

hydrocarbon backbone) confers flexibility and elasticity. The ability of the 

system to be readily deformed above its glass transition temperature allows 

polystyrene (and thermoplastic polymers in general) to be readily softened and 

molded upon heating. The detailed properties are shown in Table 2.1. 

 

Table 2.1 Properties of the bulk polystyrene 

Properties 

Young's modulus (E) 3000–3600 MPa 

Tensile strength (st) 46–60 MPa 

Elongation at break 3–4% 

Notch test 2–5 kJ/m2 

Glass transition temperature 100 °C 

Vicat B 90 °C 

Linear expansion coefficient (a) 8×10−5 /K 

Specific heat (c) 1.3 kJ/(kg·K) 
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Water absorption (ASTM) 0.03–0.1 

In this study, PS (Fluka, USA) with a narrow molecular weight distribution 

was dissolved in toluene (99.5%, Sigma-Aldrich, USA), resulting in a 

polydispersity index (PDI) of 1.06–1.22. Table 2.2 presents the molecular 

weight of the PS used and its 2Rg values in different solvent states. The 2Rg 

value of the polymer chains depends on the solvent used; polymer chains 

expand in the good solvent because the interaction between the polymer chain 

segments and solvent molecules are more energetically favorable, while in the 

theta state, the dimension of the polymer chains are controlled entirely by the 

intra-molecular interactions, and they are unaffected by the solvent. We used Rg 

value calculated per ref. 39 and ref. 40 for the theta state and good solvent state, 

respectively.[39, 40] 

 

 

 

2.2.2 Spin-coating process and thickness measurement 

 

The polymer film on which patterns were molded was fabricated through a 

Table 2.2 Molecular weights of polystyrene (PS) and calculated 2Rg 

values in theta state and good solvents. 

Molecular 
weight (g/mol) 

Diameter of gyration (2Rg, nm) 
For theta state For good solvent 

451,400 37.2 56.5 
1,000,000 55.4 91.3 

2,116,000 80.6 143.5 
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spin-coating process. To obtain a uniform film thickness (~1.5 µm), the 

concentration of the solution and spin-coating speed were varied with molecular 

weight. Films were baked at 180 °C for 90 s to remove any residual solvent. 

Illustration of the steps in the spin-coating process is shown in Figure 2.7. 

 

 

Figure 2.7 Illustration of the steps in the spin-coating process 

 

The film thickness was verified using an ellipsometry (Elli-SE-U, Ellipso 

Technology, Korea). Ellipsometry is a convenient and accurate technique for 

the measurement of thicknesses and refractive indexes of very thin films on 

solid surfaces and for the measurement of optical constants of reflecting 
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surfaces.[41] The p- and s-polarized light waves are irradiated onto a sample 

and the optical constants and film thickness of the sample is measured from the 

change in the polarization state by light reflection or transmission. The optical 

constants of the surface and the reflection coefficients of the system may be 

calculated from these changes. These polarized light waves are irradiated at the 

Brewster angle, at which the difference between amplitude reflection 

coefficients (rp, rs) is maximized.[42] 

Figure 2.8 describes the measurement principle of ellipsometry. In 

ellipsometry measurement, the polarization states of incident and reflected light 

waves are described by the coordinates of p-, s- polarizations. (Eip, Eis) are the 

incident vectors and (Erp, Ers) are the reflected vectors.[42] 

 

 

Figure 2.8 Measurement principle of ellipsometry [42] 

 

The amplitude reflection coefficients for p- and s-polarizations differ 

significantly due to the difference in electric dipole radiation. Thus, upon light 

reflection on a sample, p- and s-polarizations show different changes in 
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amplitude and phase, and the values measured by ellipsometry (Ψ, Δ) express 

the amplitude ratio and phase difference between p- and s-polarizations, 

respectively:[42] 

 

ρ ≡ tanΨ    ≡
  
  

≡  
   

   
 /  

   

   
  (2.1) 

 

When a sample structure is simple, the amplitude ratio Ψ is characterized by 

the refractive index n, while Δ represents light absorption described by the 

extinction coefficient k. So simply, in ellipsometry, the variation of light 

reflection with p- and s-polarizations is measured as the change in polarization 

state.[42] 

A typical system for the sample of ellipsometry is shown in Figure 2.9.  

 

 

Figure 2.9 Typical system for the sample of ellipsometry [41] 
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The refractive index of film is n2 and film thickness is d, and n1, n3 are the 

refractive index of ambient and substrate, respectively. Consider light incident 

at the boundary between the ambient and film. The cosine of the refraction 

angle is 

 

cos  =  1 −  
  

  
sin    

 

 

 / 

 (2.2) 

 

From Fresnel equations for p- and s-polarized waves, we obtain 

 

   , =
  cos  −   cos   

  cos  +   cos   
    , =

  cos  −   cos  

  cos  +   cos  
 (2.3) 

 

The amplitude reflection coefficients, rP and rS that include the contributions 

of reflections from lower boundaries are given by 

 

  =
   , +    ,  

    

1 +    ,    ,      
   =

   , +    ,  
    

1 +    ,    ,      
 (2.4) 

 

In addition, the phase variation β is given by 

 

β =
2  

 
  cos   (2.5) 

 

Substituting Eq. (2.1) and (2.4) and rearranging gives a quadratic of the form: 
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+    

    +   = 0 (2.6) 
 

The C1, C2, and C3 are complex function of the refractive indexes, angles of 

incidence, Δ, and Ψ. For a given value of the coefficients, Eq. (2.6) gives two 

solutions for e^ (-i2β) and a value of film thickness, d, can be calculated.[41] 

2.3    Imprinting Process and Measurement 

 

Molding techniques based on imprint processes make use of the differences 

between the mechanical properties of a structured stamp and a molding material. 

The viscous molding material is shaped by pressing the stamp into it until the 

polymer conforms to the stamp surface. In this part, the configuration of the 

imprinting equipment and the NIL process parameters applied to this study will 

be discussed. 

 

2.3.1 Apparatus 

 

In order to achieve the large-area patterning, an imprinting machine needs a 

precise heating and pressing mechanism with high requirements on mechanical 

stiffness, uniformity, and homogeneity.[43] In this study, all imprinting 

experiments were performed using hot embossing equipment (EVG 510HE, EV 

Group, Austria). The equipment configuration is as follows, is shown in Figure 

2.10. 

The T-NIL equipment can be mainly divided into a control panel (PC), 
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vacuum chamber that performs imprinting process, and other external device 

that maintain the process conditions (thermostat, hygrostat, and compressor). 

The bottom part inside the vacuum chamber has a hot plate capable of loading a 

sample (substrate) and heating. This plate is equipped with water-cooling line 

and thus rapid and constant cooling rate can be maintained after embossing 

process. The top part inside the vacuum chamber also has a hot plate to install 

the stamp, which functions pressurization at the embossing step. The imprinting 

pressure and cooling on/off is controlled by pneumatic controller. In addition, 

the T-NIL process sequence and parameters are precise controlled by software 

from EVG group (EVI version 1.2) 

 

 

Figure 2.10 Configuration of the T-NIL machine 

 

2.3.2 Process 
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Key process parameters of T-NIL are imprinting temperature, pressure, and 

process time. Imprinting temperature is a process variable related to the 

viscosity of the polymer film. The T-NIL process is generally performed at a 

temperature of 70-100 oC higher than polymer’s glass transition temperature so 

that sufficient low viscosity of the polymer chains can be obtained. In the case 

of the imprinting pressure, it is designed to have sufficient driving force for 

deformation and flow at a given polymer viscosity. The imprinting pressure is 

generally known to range from 20 – 100 bar to achieve fine pattern transfer.[43] 

Total process time is mainly divided into embossing time when major pattern 

transfer occurs at a given process parameter and cooling time to minimize 

demolding problem when the stamp detach from the polymer film. The 

embossing time of the T-NIL process was set so that enough global flows can 

occur inside the film, which was generally known to range from s to min.[43] 

The cooling time was determined in consideration of cooling rate, adhesion 

strength between the polymer and the stamp, and shrinkage ratio of the process 

materials, etc. The cooling rate and time was should be decided carefully in 

order to avoid problems that patterns are damaged during demolding process. 

Process sequence and parameters are as follows. First, the vacuum chamber 

was heated to 150 °C, about 50 °C above the glass transition temperature of PS 

(Tg ≈ 100 °C). The PS film and the film stamp were then loaded into the 

vacuum chamber, and the temperature of the film surface was measured using 

infrared radiation thermometer as shown in Figure 2.12. It is generally known 

that the change of the Rg value is ranged from sub-nm to nm at the measured 
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temperature variation of the film surface.[44] Next, the imprinting pressure was 

applied for 5 min at 150 °C. Finally, the chamber was gradually cooled down in 

25 minutes to 50 °C while maintaining pressure, followed by demolding of the 

samples (see Figure 2.11). 

 

 

Figure 2.11 Temperature and pressure cycles for the thermal nanoimprint 

lithography (T-NIL) process in this study 
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Figure 2.12 Measured temperature variation of the film surface 

 

2.3.3 Measurement 

 

Filling height and filling ratio are commonly used to determine the T-NIL 

processability. In this study, filling height is not adequate, because two types of 

master molds with different cavity heights were used and, as shown in Figure 

2.5(b), the cavity heights varied with cavity diameter. Therefore, the filling ratio 

is more appropriate to determine the processability. 

The filling height of the pattern formed by imprinting was determined using an 

atomic force microscope (AFM) (XE-100, Park Systems, Korea). AFM is a type 

of scanning probe microscope (SPM), developed in 1980s, is widely used for 

micro/nano-scale image measurement and analysis.[45] AFM is a device that 
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measures surface shape and adhesion force using an interaction force between 

micro/nano-scale probe and sample surface. In this study, PPP-NCHR 

(Nanosensors, USA), which is a non-contact probe, was used for image 

measurement, and SHOCONA (APPNANO, USA) was used as a probe for 

adhesion measurement to detect the density variations on molded surface. 

Eight patterns in each region were randomly selected for height measurements 

and averaged. The filling ratio was calculated by dividing the averaged filling 

height by the height of the template in each pattern region. 

Prior to the adhesion measurement, the spring constant of the cantilever should 

be calibrated.[46] The normal spring constant value obtained was 0.5 N/m, 

which differed significantly from the information on the cantilever provided by 

the manufacturer (0.14 N/m). The tip radius of the cantilever was below 10nm. 

The image of the AFM configuration and the SEM images of the cantilever are 

shown in Figure 2.13.  

 

 

Figure 2.13 Images of the AFM equipment and SHOCONA cantilever 

 

A principle of the adhesion measurement using the AFM is as follows; AFM 
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cantilever, which is a piezoelectric sensor, is deflected by interaction between 

probe and sample surface as it moves above the sample surface in the vertical 

direction. By measuring deflection of the cantilever by the laser sensor, force is 

measured using pre-recorded spring constant of cantilever. To measure adhesion 

force, Force-Distance curve should be obtained as shown in Figure 2.14. A 

combination of part ① where sample surface and probe become closer each 

other and part ② where deflection of the cantilever occurs by the stage 

elevation after probe tip was bonded to the sample surface is considered as 

‘Trace’ step. At ‘Retrace’ step, cantilever is bent by adhesion force between 

probe tip and sample surface as the stage lowers (part ③), and thus restoring 

force of cantilever is gradually strengthened. Finally adhesion measurement is 

completed as the probe tip takes apart from the sample surface at the moment 

where restoring force and adhesive force are equal as in part ④. 

 

 

Figure 2.14 Schematics of the adhesion measurement 
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CHAPTER 3  
                                                                   

 
 

Polymer deformation for the bulk thick film 
 

 

 

Chapter 3 covers effects of polymer chain size on the nano-sclae molding 

process in detail by varying the imprinting pressure on 1.5 µm-bulk thick film. 

The T-NIL process was performed according to described process sequence in 

chapter 2. In this chapter, the processability was determined from results of 

filling ratio for different polymer molecular weight. This processability was 

analyzed with the radius of gyration (Rg) value of the polymer chain to find the 

size effect at the given molecular weight. 

In order to supplement size effect on the polymer deformation, the density 

variation of the molded patterns was analyzed using adhesion measurement by 

atomic force microscopy (AFM). Furthermore, more detailed size effects of the 

polymer chains and entanglement for the T-NIL process were addressed in this 

chapter per previous publication on molecular dynamics (MD) simulation. The 

MD simulation results well supported filling ratio results in this study, and 

suggested persuasive description on the deformation of the polymer chains in 

the confined geometry.      
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3.1 Processability 

 

The results of the experiment are shown in Figure 3.1. The x- and y-axes 

represent the cavity diameter and filling ratio, respectively. Each shaded zone 

represents the cavity diameter range where the filling ratio drops markedly at an 

imprinting pressure of 5 bar and above. The 2Rg values of the polymer chains 

calculated for each solvent state are indicated at the bottom of the graphs. 

 

 

Figure 3.1 Measurement results of the filling ratio depending on the 

imprinting pressure for molecular weight of 451,400g/mol 
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First, the results for the molecular weight of 451,400 g/mol verified that the 

filling ratio was markedly reduced in the 50–80 nm cavity diameter range when 

patterning was performed at a 5 bar imprinting pressure. This range includes the 

2Rg value for PS dissolved in a good solvent. At a cavity diameter of 50 nm, the 

mean filling ratio barely reached 0.7. For cavity diameters exceeding 50 nm, the 

ratio remained around 0.9. Even though the filling ratio for patterns with cavity 

diameters exceeding 50 nm is the same, the actual pattern height gradually 

increased with an increase in cavity diameter since the template height increases 

with the cavity diameter (see Figure 2.5b). 

 

 

Figure 3.2 Filling ratio results for molecular weight of 1,000,000g/mol 
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At a molecular weight 1,000,000 g/mol, the filling ratio began to decrease at 

200 nm cavity diameters when the imprinting pressure was relatively low (1 

bar), but no clear association with the 2Rg of the polymer was observed. When 

the imprinting pressure was raised to 5 bar, the filling ratio began to decrease 

around a 100 nm cavity diameter, but remained constant at approximately 0.9 at 

larger cavity diameters. When the imprinting pressure was further raised to 7 

bar, different behaviors were observed for cavity diameters smaller or larger 

than 100 nm; for diameters smaller than 100 nm, no significant improvement in 

the filling ratio was observed, but for diameters larger than 100 nm, remarkably 

higher filling ratios were observed. At a molecular weight of 1,000,000 g/mol, 

the estimated 2Rg value for PS in a good solvent was 91.3 nm, similar to the 

cavity diameter of 100 nm. 
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Figure 3.3 Filling ratio results for molecular weight of 2,116,000g/mol 

 

Finally, for PS with a molecular weight of 2,116,000 g/mol, the filling ratio 

increased with an increase in cavity diameter at the 1 bar imprinting pressure, 

but no clear relation with the 2Rg of the polymer was observed. However, at 

imprinting pressures of 3 bar and above, the filling ratio decreased for the 

cavity diameters smaller than the 2Rg value (≈ 150 nm) for PS in the good 

solvent state. Even when the imprinting pressure was raised up to 10 bar, no 

significant change in filling ratio was observed for cavities with a diameter 

smaller than the 2Rg value for PS in the good solvent state. In contrast, the 

filling ratio greatly improved for cavities with a larger diameter than this 2Rg 
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value. The correlation between the pattern-filling ratio and 2Rg was more 

evident for the Rg values calculated for PS dissolved in a good solvent than for 

the Rg of PS in the theta (unperturbed) state. Figure 3.4 shows the AFM images 

of molded patterns for PS with a molecular weight of 2,116,000 g/mol at an 

imprinting pressure of 5 bar. 

 

 

Figure 3.4 Atomic force microscope images of the molded patterns for the 
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molecular weight of 2,116,000g/mol at the imprinting pressure of 5 bar 

The results of the filling ratio for each molecular weight are summarized at the 

Figure 3.5. The cavity diameters are normalized using Rg value for each 

molecular weight (DN), and the results for the maximum imprinting pressure are 

used for each molecular weight. As shown in Figure 3.5, the filling ratio 

decreases as the cavity diameter becomes smaller than the 2Rg of polymer in a 

good solvent (DN < 1), whereas no significant changes in the ratio is observed 

for cavity diameters greater than 2Rg (DN > 1). For molecular weight of 451,400 

and 1,000,000, the dependence of the filling ratio to the normalized cavity 

diameter shows similar behavior.  

However, for molecular weight of 2,116,000, the processability seems to be 

improved than smaller molecular weight when the cavity diameter becomes 

smaller than the 2Rg value (DN < 1). These improvement of the processability at 

DN < 1 is unexpected flow enhancement because the polymer film has larger 

viscosity than the smaller molecular weight. Some researchers have been 

reported these unexpected flow enhancement as ‘confinement effect’ and 

suggested that the interpenetration of the polymer chains decreased with the 

loss of entanglement when the entangled polymer enters and flows into the 

confined geometry.[22, 23] More detailed studies are needed to analyse 

confinement effect along with precise design of the experiment. 

 



  47 

                                                                                         

 

Figure 3.5 Dependence of the filling ratio to the normalized cavity 

diameter for each molecular weight 

 

 

3.2 Density variation 

 

In order to supplement size effect on the polymer deformation, the density 

variation of the molded patterns was analyzed using adhesion measurement by 

AFM. Forces that influence on the adhesion include van der Waals, capillary, 

electrostatic, and chemical forces. In this study, it was assumed that van der 

Waals force was predominant because Si based AFM probe and a polymer (PS) 
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were used resulting relatively small contribution of the electrostatic and 

chemical forces. In addition, the adhesion was expected to have low proportion 

of the capillary because it was measured under low humidity conditions using 

silica-gel.[47] In that case, the adhesion force between an AFM tip and a flat 

polymer surface could be estimated by the contact theory of the Johnson-

Kendall-Roberts: 

 

     ≡ −1.5      (3.1) 

 

The W   in Eq. (3.1) is ‘Work of adhesion’ between probe tip, silicon (Si), 

and sample surface, and the subscript indicates two different materials (1 ≠ 2). 

The W   is determined by surface energy and boundary energy of two 

materials. R is determined by the radius of the contact surface when AFM tip is 

bonded to the sample surface and has a value of 5 - 10 nm. ‘Work of adhesion’ 

can be defined as energy that requires to separate unit interface of different 

materials. If only van der Waals force is considered for estimation of the 

adhesion force, ‘Work of adhesion’ of two materials could be derived from 

below relation: 

  

 
   ≡

   

12   
  (3.2) 

  

D0 is cut-off length and have a value of 0.165 nm. It has smaller value than 

the distance between centers of atoms or melecules. If the contact interface exist 

in the medium where dielectric constant is low enough such as air or vacuum, 
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the A12 value is simply calculated from geometric mean of the hamaker 

constants of the two materials that compose interface.[47] 

  

 A  ≅  A  A   (3.3) 

  

Hamaker constants of Si and PS in literature are 6.5 × 10   J and 6.5 ×

10   J, respectively. Therfore, the A12 is obtained as 6.5 × 10   J using the 

Eq. (3.3). Substituting the A12 and D0 into Eq. (3.2) gives the value of ‘Work of 

adhesion’ as 0.127mJ/m2. Finally, by assuming that the interface radius of AFM 

probe tip and PS is 5 - 10 nm, the adhesion is expected to have a value between 

approximately from 1.5 nN to 3 nN by the Eq. (3.1).[47] 

One fundamental assumption is that the ahesion force is proportional to the 

density of the surface since the hamaker constant also increases with the 

number of atoms per unit area.[47] Therefore, the density ratio was defined as 

the ratio of the adhesion force of the cavity part to pressed part. The results of 

measured density ratio depending on the cavity width are shown in Figure 3.6. 

The density ratio was mesured for molecular weight of 2,116,000 g/mol with 

imprinting pressure of 10 bar. 

Measurement results demonstrated that the density of the pressed part (valleys) 

was higher than that of the cavity part (hills) at the all cavity region (density 

ratio < 1). It means that the surface of the pressed part has more polymer 

molecules than cavity part due to the pressing of the stamp’s protrusion during 

embossing stage. When the cavity diameter was smaller than the diameter of 
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gyration of the polymer chain (DN < 1), the density ratio drastically decreased 

as the cavity diameter decreased. These decreases at the confined region 

indicate that the number of atoms per unit area also decreased at the same 

imprinting conditions. Therefore, in the confined region (DN < 1), polymer 

chain has more loose conformation than the bulk region, which are accelerated 

as cavity diameter decreased. 

 

 

Figure 3.6 Local density variation of the imprinted patters 
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3.3 Molecular dynamics approach 

 

The filling ratio results are well supported by previous publication on MD 

simulation results. In the MD simulation, the chain conformation of the bulk 

polymer film was determined, and relation between the Rg of the polymer and 

the processability was investigated for various mold cavity sizes using intra-

molecular potential and Lennard-Jones 12-6 potential field. Two different type 

of the mold are considered in the MD simulation. One mold has a cylindrical 

cavity and the other is a slit-shaped cavity (see Figure 3.7).[25] 

 

 

Figure 3.7 Mold geometries considered in the MD simulation [25] 
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The Rg values of the chain model used in the MD simulation were listed in 

Table 3.1.The MD simulation showed that the bulk polymer film had the similar 

size of the theoretical Rg value.  

 

Table 3.1 Radius and diameters of gyration of polymer models [25] 

Model Radius of gyration, Rg [nm] Diameter of gyration (2 Rg) [nm] 

C50 1.05~1.15 (expected) 2.1~2.3 (expected) 

C200 2.1~2.3 4.2~4.6 

C396 2.95~3.24 (expected) 5.9~6.5 (expected) 

 

When the mold with cylindrical cavity was used, the MD simulation results 

showed that the Rg value of the polymer chain affected the degree of filling, the 

number of the atoms per the cross-sectional area of the cavity, which was 

analogous to the filling ratio in this study. The degree of filling depending on 

the mold pressure for different chain model is represented in Figure 3.8. 
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Figure 3.8 Degree of filling for C50 (a), C200 (b), and C396 (c) as mold 

pressure increases (Reproduced from [25]) 

 

As shown in Figure 3.8, there is a certain tendency that the cavities whose size 

is bigger than the diameter of gyration of the polymer chain are more likely 

well filled than the cavities whose size is smaller than polymer’s diameter of 

gyration. These size effects on the polymer deformation are similar to the 

results of the experiment in this study.[25] 

The molds having a slit-shaped cavity is also performed by MD simulation 

(see Figure 3.9). The C200 chain model was used, and Rg component in each 

direction was described in Table 3.2. Here, x-direction is perpendicular to the 

slit direction and y-direction is parallel to the slit direction.[25] 
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Figure 3.9 Schematic view of the polymer deformation using slit shaped 

cavity [25] 

 

 

Table 3.2 Rg component in each direction [nm][25] 

Rx Ry Rg Diameter of gyration 

1.2795 1.247 2.197 ~4.4 

 

Figure 3.10 shows the change of the Rg component in each direction after 

imprinting process. The simulation results for the molds with slit-shaped cavity 

showed that when the cavity width was smaller than the bulk 2Rg value, severe 

change of the Rg was observed at the perpendicular to the slit cavity direction 

(x-direction) after imprinting process. On the other hand, the Rg value of the 

parallel direction (y-direction) remained similar to the bulk Rg value.[25] 

These simulation results indicated that when the chains were confined by the 

cavity wall, the polymer conformation was strongly affected by the cavity 

geometry during the molding process. 
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Figure 3.10 Change of the Rg component in each direction after T-NIL[25] 

 

As illustrated in Figure 3.11, when 2Rg of the polymer is larger than the cavity 

diameter, the conformation has to change considerably in the segmental parts of 

individual chains in order to deform the chain network to conform to the cavity 

shape. This requires greater conformational changes among individual polymer 

chains. On the other hand, when 2Rg is smaller than the cavity diameter, the 

segmental parts of individual chains can be deformed without incurring any 

significant conformation changes, and the entangled parts of the chain network 

can enter the cavity more easily. Therefore, it is thought that when the cavity 

diameter becomes larger than 2Rg, the polymer chains are more easily deformed 

to conform to the cavity at a given imprinting pressure. 

If conformations of the polymer chains in the spin-coated films are measured 

directly using SANS or SAXS, this would be a more direct parameter for 

estimating the relation between chain size and processability. However, 
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conformation measurements of the samples used in this study (Rg ≈ 100 nm) is 

a difficult task, because it requires a very small angle (< 0.1°) and because the 

polymer film is very thin for sample handling (< 1 µm). As an alternative, the 

Rg value was calculated per references for the theta state and good solvent state, 

respectively. 

 

 

Figure 3.11 Illustration of the effect of Rg on polymer deformation in a 

nano-scale molding process 

 

In this chapter, nano-scale deformation of entangled polymer chains for bulk 

thick film (~1.5um) was investigated by thermal nanoimprint lithography (T-



  57 

                                                                                         

NIL) experiments. The results can be summarized as follows. First, at the same 

cavity size, patterns can be formed more easily for lower molecular weight 

polymer. Second, at an imprinting pressure of 5 bar, the filling ratio decreases 

as the cavity diameter becomes smaller than the 2Rg value of polymer in a good 

solvent state, whereas no significant changes in the ratio was observed for 

cavity diameters greater than 2Rg. Finally, when the imprinting pressure was 

further raised, improvements in the filling ratio could be observed for cavity 

diameters larger than 2Rg. The measurement results of the density ratio also 

showed that patterned area had less polymer molecules than the bulk region 

when the polymer deformation occured in the confined geometry. The filling 

ratio results are well supported by previous publication on MD simulation 

results. MD simulation results showed that when the chains were confined by 

the cavity wall, the polymer conformation was strongly affected by the cavity 

geometry during the molding process. These results suggest that the ratio of the 

chain size to the cavity diameter is the key factor for polymer deformation for 

the bulk thick film 

 



CHAPTER 4 
                                                                        

 

Polymer deformation for the thin film 
 

 

 

Chapter 3 covers effects of polymer chain size on the nano-sclae molding 

process by varying the imprinting pressure. Thickness of used polymer film is 

same to 1500 nm despite of their molecular weights. In chapter 3, the filling 

ration results showed that the ratio of the relative size of the chain molecules to 

the cavity was the key parameter on the nano-sclae polymer deformation. 

In chapter 4, the effect of the film thickness on the polymer deformation was 

investigated, and modeling was performed to predict the processability using 

dimensionless parameters. In addition, the apparent viscosity of the thin 

polymer film was calculated based on the filling height results of the nano-scale 

molding process. Finally, the numerical simulation of the molding process was 

performed with calculated apparent viscosity and compared to the results of the 

experiment. 
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4.1    Thickness Measurement 

 

As mentioned in experimental section, the film thickness was verified using an 

ellipsometry (Elli-SE-U, Ellipso Technology, Korea). Ellipsometry is a 

convenient and accurate technique for the measurement of thicknesses and 

refractive indexes of very thin films on solid surfaces and for the measurement 

of optical constants of reflecting surfaces. The p- and s-polarized light waves 

are irradiated onto a sample and the optical constants and film thickness of the 

sample is measured from the change in the polarization state by light reflection 

or transmission. The optical constants of the surface and the reflection 

coefficients of the system may be calculated from these changes.[42] The 

measured film thickness depending on the molecular weight is shown in Figure 

4.1.  
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Figure 4.1 Results of the thickness measurement 
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As shown in Figure 4.1, film thickness increased with the Mw due to the 

increasing viscosity. At the same Mw, film thickness decreased with the spin 

speed showing exponential decay. In this study, films having different thickness 

for each molecular weight were prepared by controlling solution concentration 

and spin speed based on the thickness data in Figure 4.1. 

T-NIL experiment on bulk film was performed in chapter 3, and thickness of 

used polymer film is same to 1500 nm despite of their molecular weights. In 

chapter 4, the T-NIL was performed on the different film thickness depending 

on the molecular weight to investigate the effects of the chain size and film 

thickness. Figure 4.2 shows how the 2Rg, 5Rg, and 10Rg of the three molecular 

weight have a certain degree of size in the bulk thickness of the film (1500nm) 

used in the chapter 3. 

 

 

Figure 4.2 Comparison between the film thicknesses used in the chapter 3 

and degree of chain size of each molecular weight 
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4.2    Thickness effect on the polymer deformation 

 

4.2.1 Processability 

 

In this section, the effect of the film thickness on the polymer deformation was 

investigated. The applied process conditions for each molecular weight are 

same as that used in the chapter 3 to maintain the continuity to the results of the 

bulk thick film. In the case of molecular weight of 2,116,000 (2116k), 

maximum imprinting pressure of 10 bar was used, and the maximum imprinting 

pressure of 7 bar was used for molecular weight of 1,000,000 (1000k). The 

filling ratio result for molecular weight of 2116k is shown in Figure 4.3. The y-

axis in the graph indicates the filling ratio as defined in the chapter 3, and x-axis 

indicates the diameter of each cavity. 

The results are as follows. First, the results showed the increasing filling ratio 

when the cavity diameter increase in the all thickness range. This trend is 

consistent with the results from the bulk film. Next, it can be seen that the 

filling ratio is converged as the film thickness is close to the bulk film used in 

the chapter 3. In the case of molecular weight of 2116k, filling ratio is shown to 

converge starting from approximately 1062 nm thickness. 
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Figure 4.3 Filling ratio depending on initial film thickness and cavity 

diameter 

 

When the film thickness is larger than a certain size, processability does not 

improved with the increasing film thickness since the thickness condition 

causing the flow and deformation are already saturated in the region except 

cavities. Therefore, if the film thickness is thick enough, processability are only 

differentiated by the ratio of the cavity size to the polymer chain (2Rg) at the 

given process conditions (temperature and pressure). 

Finally, the increasing trend of filling ratio for each film thickness is different 

before and after 2Rg value (≈150nm) as cavity width increases. In the chapter 3, 

it was found that if the cavity have a diameter of less than 2Rg value, the 

processabilty depending on the imprinting pressure decreased. Similarly, as 
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shown in Figure 4.3, when the cavity diameter was larger than 2Rg value, 

increasing trend of the filling ratio with the cavity diameter was accelerated. In 

particular, as the initial film thickness decreased, increasing trend of the filling 

ratio decreased for the cavities that had diameter less than the 2Rg value (solid 

red line, slope decreased). This seems to be due to the flow and deformation 

cannot occur sufficiently in the region except cavities as the initial film 

thickness decreases. It is expected that the processability is further decreased 

because confinement by cavity wall and small film thickness simultaneously 

occur. As shown in Figure 4.3, when the cavity diameter is smaller than 2Rg 

value, there is almost no filling ratio change in spite of the increase in cavity 

diameter for the specimen having film thickness of 446nm and 368nm. 

To evaluate effect of initial film thickness on polymer deformation in detail, 

absolute value of the filling height with normalized cavity diameter (W/2Rg, Dn) 

was shown in Figure 4.4. Data acquiring only partial filling pattern except for 

complete filling was used to compare the actual degree of deformation. At the 

right of the graph, a scale bar is presented to indicate where the thickness of 

each specimens is located in the bulk thickness of the film (1500nm). Legend 

denote absolute value of the thickness along with the terms of Rg value. 

In the case of molecular weight of 2116k, as seen in the graph below, it is 

converged to the constant processability regardless of the thickness when the 

initial film thickness is approximately over 15Rg at the given imprinting process 

condition (temperature and pressure). On the other hand, if the initial film 

thickness is below 15Rg, the processability is decreased at each cavity diameter 
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with reduction on film thickness. For each film thickness, the filling height 

increased with the normalized cavity diameter, which showed exponential 

decay relation. 

 

 

Figure 4.4 Filling height with normalized cavity diameter, Mw = 2116k 

 

Next, filling height dependence to the Dn according to the initial film thickness 

was denoted at Figure 4.5 when molecular weight is 1000K. For the molecular 

weight of 1000k, when the initial film thickness is larger than 11Rg, the filling 

height was also converged regardless of the film thickness. It can be confirmed 

that filling height is reduced like the result for 2116K as initial film thickness 

becomes smaller than 11Rg. For each film thickness, the filling height increased 

with the normalized cavity diameter, which showed exponential decay that are 

similar with the results of the molecular weight of 2116k. 
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Figure 4.5 Filling height with normalized cavity diameter, Mw = 1000k 

 

Effect on filling height by relative film thickness to Rg of polymer chain is 

depicted at Figure 4.6 below. The x-axis indicate the normalized film thickness 

(t/Rg, tn), and the y-axis indicate the absolute value of the filling height from 

partial filling data. For molecular weight of 2116k, the cavity range used for the 

replotting was from 92nm to 174nm, which start to display decreasing 

proceassibility at the film thickness of 1062nm (≈15Rg) with the reducing the 

thickness. Similarly, in the case of molecular weight 1000K, the cavity range 

used for the replotting was until the end of the partial filling, D = 220 nm, at the 

film thickness of 500nm (≈11Rg) where began to display decreasing 

proceassibility with the reducing the thickness. 
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Figure 4.6 Filling height with the normalized thickness:  

(top) Mw = 2116k, (bottom) Mw = 1000k 
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As shown in Figure 4.6, it can be found that the filling height improved with 

the cavity diameter at the same film thickness. Also, if scope is focused on the 

film thickness began to display decreasing filling height with the thickness 

reduction (2116k:1062nm-15Rg, 1000k:500nm-11Rg), the filling height of the 

molecular weight of 1000k rise more steeply according to the tn than the that of 

2116k at the each cavity region. The changes of the filling height per increment 

of the tn for each cavity diameter are listed in Table 4-1 at the given molecular 

weight. 

 

Table 4.1 Increment of filling height to tn for each cavity region 

Molecular 
weight 
(g/mol) 

Δh / ( Δt/Rg ) 

D=92nm D=110nm D=131nm D=162nm D=174nm 

1,000,000 20.1 22.7 29.6 30.6 32.9 
2,116,000 7.83 10.5 11.8 15.4 16.9 

Ratio 2.573 2.167 2.495 1.98 1.947 

 

In the table above, the average ratio between two molecular weight is about 

2.232. That is, sample having molecular weight of 1000k rises about 2.232 

times rapidly depending on tn compared to one having molecular weight of 

2116k for same cavity diameter. Because the PS film of molecular weight of 

1000k has less viscosity than that of molecular weight of 2116k, the 

enhancement of the filling height for each cavity diameter seems to be 

reasonable.  

The increment of the filling height for thickness change is defined as follows: 
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ℎ =

∆ℎ

∆ 
 (4.1) 

 

To investigate the effect of the molecular weight on the processability in detail, 

the variation of the ht depending on the molecular weight was represented in 

Figure 4.7 for each cavity diameter. In the Figure 4.7, the used filling height 

result was from the film thickness of 1062nm for molecular weight of 2116k 

and from the film thickness of 500nm for 1000k, respectively. 

 

 

Figure 4.7 The ht variations for the different cavity diameters 

 

Based on the result of the experiment, it can be denoted as follows; 

 ℎ ,     

ℎ ,     
~

2.232  ,     

  ,     
  

Assuming Rg value from the good solvent state for each molecular weight, 
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 ℎ ,     

ℎ ,     
~

2.232  ,     

  ,     
~

2  ,     
 .   

  ,     
 .   ≈ 3.508  

Through this, it can be seen that the filling height of molecular weight of 

1000k increases about 3.5 times faster than molecular weight of 2116k with 

cavity dimeter. It is generally known that the polymer viscosity increase with 

the molecular weight according to the power law index of 3.4. It seems that the 

ht value, normalized filling height to the film thickness, have a correlation with 

the apparent viscosity. More various samples of different molecular weight will 

be needed to analyse the correlation between ht, molecular weight and apparent 

viscosity. 

 

4.2.2 Relationship between (h/ti) and (W/2Rg) 

 

In this section, dimensionless analysis was performed based on experiment 

result about processability. The ratio of the filling height to the initial film 

thickness (h/ti, hn) was defined as the dimensionless parameter for representing 

the processability of the nano-sclae molding process. In this section, the 

relationships between hn and dimensionless number Dn that represents the ratio 

of cavity diameter to chain size (W/2Rg) were investigated. Through a non-

dimensional analysis, the effect of the chain confinement in the cavity and in 

the film thickness was investigated for nano-scale molding process. First, the 

results for the molecular weight of 2116k are shown in Figure 4.8 below. The x-

axis indicate normalized cavity diameter, Dn, and the y-axis represent the filling 
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height to the initial film thickness (h/ti, hn). 

 

Figure 4.8 Relationship between hn (h/ti) and Dn (W/2Rg), Mw = 2116k 

 

As shown in Figure 4.8, the processabilty increased with the Dn value for all 

different initial film thickness, and two dimensionless numbers are well fitted 

by the Eq. (4.2). 

 ℎ

  
=   −   exp  

− 

 ∗2  
  (4.2) 

The values of the coefficient A1 and A2 are 0.3585 and 0.4396, respectively. As 

shown in Figure 4.8, the fitting parameter, C*, which control the effect of Dn 

was changed from the thickness of 7.5Rg. While  ∗ value is constant when the 

initial film thickness is bigger than 7.5Rg,  ∗ values increase depending on the 
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thickness reduction when initial film thickness is less than 7.5 Rg. In other 

words, if an initial film thickness is greater than 7.5Rg, there was no difference 

of the hn at each cavity diameter even if the thickness is different. However, if 

the initial film thickness is smaller than 7.5Rg, it has found that the hn decreased 

with the reducing film thickness. It is expected that the confinement effect 

appear in the thickness direction from the film thickness of 7.5Rg value. The  ∗ 

value depending on the initial thickness is depicted at Figure 4.9 and each 

 ∗	values and their R2 values are listed in table 4.2. 

 

 

Figure 4.9 Dependence of C* to thickness variation 

 

Table 4.2 The C* and R-squared values for fitted line in Figure 4.8 
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t = 446nm, 6.2Rg 1.88 0.97 
t = 368nm, 5.1Rg 2.09 0.9 

 

In the case of molecular weight of 1000k, the relationships between hn and 

dimensionless number Dn were shown in Figure 4.10. 

 

 

Figure 4.10 Relationship between hn (h/t) and Dn (W/2Rg), Mw = 1000k 

 

It was confirmed that for molecular weight of 1000k, two dimensionless 

numbers are also well fitted using the Eq. (4.2) similar to the results of 2116k, 

and A1 and A2 were 0.4893 and 0.7952, respectively. When molecular weight is 

1000k, the fitting coefficient  ∗that controls influence of Dn is also changed 
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from thickness of 7.5Rg. Whereas the  ∗value is consistent if initial film 

thickness is larger than 7.5Rg, the  ∗value increases with the decrease in 

thickness if the initial film thickness is smaller than 7.5Rg. The result from 

molecular weight of 1000K also showed that confinement effect in the 

thickness direction began to appear if the thickness is smaller than 7.5Rg. 

For the molecular weight of 1000k, the values of  ∗ and R2 depending on the 

initial thickness are listed in table 4.3 below. 

 

Table 4.3 The C* and R-squared values for fitted line in Figure 4.10 

 
 ∗    

7.5Rg < t < 15Rg 1.06 0.98 

t = 323nm, 7.08Rg 1.33 0.96 

t = 309nm, 6.76Rg 1.82 0.96 

t = 289nm, 6.33Rg 2.43 0.92 

 

The  ∗ value is a coefficient that control the increasing of hn by increasing of 

Dn (stiffness) when A1 and A2 are fixed. If  ∗ is small, increasing rate of hn 

relatively becomes bigger in the early stage of Dn, on the other hand as  ∗ 

becomes bigger, increasing rate of hn decreases in the early stage of Dn and 

become uniform in the whole range of Dn. In other words, if the  ∗ value 

increases for the smaller initial film thickness, the increase of the filling height 

according to the cavity size decrease in relatively small cavity diameter. The 

Figure 4.11 shows the change of the relationship between hn and Dn in 
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accordance with the A1, A2, and  ∗ value. 
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Figure 4.11 Relationship between hn and Dn in accordance with the A1, A2, 

C
*
 increased 

A1 increased 

A2 increased 
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and  ∗ value 

 

A1 value refers to the overall change of hn in the entire Dn range, without 

significant change of shape of the graph. It can be confirmed that the shift of 

overall graph in the y-axis direction as A1 is getting larger. Because A1 value 

exhibited convergence value of the hn at a sufficiently large Dn, it can be 

considered as a coefficient that represents overall processability that is strongly 

affected by imprinting process condition with little correlation with 

confinement in the cavity. For initial film thickness of 1500nm, the changes of 

the hn for different imprinting pressure was shown in Figure 4.12. 

 

 

Figure 4.12 Changes of the hn – Dn relation for different imprinting 

pressure, initial film thickness = 1500nm 
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The shift of overall graph in the y-axis direction was observed as imprinting 

pressure increased without significant change of shape of the graph. The hn - Dn 

for different imprinting pressure could be fitted to the Eq. (4.2), and the A1 

value was obtained for different imprinting pressure. Figure 4.13 showed that 

the A1 increased with imprinting pressure and converged to certain value. It 

means that the processability for the given initial thickness is converged as the 

imprinting pressure increases, therefore; no more improvement of the 

processability is expected for sufficient higher imprinting pressure.  

 

 

Figure 4.13 Estimated A1 value for the different imprinting pressure 
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same time. Therefore, it affects relation between hn and Dn (slope) and changes 

the y-axis intercept at the same time. The effect of the A2 value is depicted in 

Figure 4.11 (c). As A2 is getting larger, it inhibits overall improvement of 

processability for small Dn while accelerate the increases of the hn with the Dn 

(slope) for the large Dn. In the next chapter, the physical meaning about the Eq. 

(4.2) was explored in terms of the process conditions and the apparent viscosity. 

 

 

4.3    Apparent Viscosity 

 

In this section, the apparent viscosity was estimated using the filling ratio 

results for different initial film thickness as introduced in section 4.2. Through 

the estimation of the apparent viscosity, the physical meaning about the 

processability depending on the initial film thickness could be analyzed in the 

continuum perspective. For the general T-NIL process, the flow model could be 

classified according to the initial film thickness and mold geometry as Figure 

4.14. The R, ti, and S means the cavity radius, initial film thickness, and half of 

the protrusion size, respectively. The case of single peak flow, occurring when 

R < ti regardless of the value of S/ ti, resembles the classic fluid mechanics 

problem of steady laminar flow between infinite plates or within a pipe.[6]  
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Figure 4.14 Classification of the flow model in T-NIL process [6] 

 

In this study, the cavity diameter was sufficiently smaller than initial film 

thickness, thus the classic fluid mechanics problem of steady laminar flow 

within a pipe could be applied. Therefore, firstly, the apparent viscosity was 

reversely estimated using results of the experiment, and the relationship 

between the apparent viscosity and initial film thickness was examined. Next, 

the analytic solution applied the apparent viscosity model was compared to the 

results of the experiment. Finally, the numerical simulation of the molding 

process was performed with the estimated apparent viscosity and compared to 

the results of the experiment. 

 

4.3.1 Analytic approach 

 

As described in the above section, the flow behavior could be modeled by 

steady laminar flow within a pipe. Assuming the pipe flow within a cavity 
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diameter of D, the averaged velocity during the embossing time (Timp) is as 

follows[48]:  

 

   =
ℎ

    
=

  

32  

  

  
=

  

32  ℎ
       

(4.3) 

 

In this study, the pressure gradient within a cavity was assumed to have 

imprinting pressure per filling height because the embossing process was 

performed under the vacuum conditions. The averaged velocity could be 

calculated directly from the results of the partial filling patterns. From the 

above equation, the apparent viscosity (  ) is as follows: 

 

 

  =
  

32   ℎ
(      ) 

(4.4) 

 

According to the Eq. (4.4), the apparent viscosity of the molecular weight of 

2116k was calculated for each cavity diameter. These estimated apparent 

viscosities depending on the initial film thickness was shown in Figure 4.15. 

As shown in Figure 4.15, the apparent viscosity is converged when the initial 

film thickness is larger than 15Rg (1062nm). The converged value of the 

apparent viscosity have nearly identical order of the magnitude to the viscosity 

that are calculated from Carreau-Yasuda model (Figure 4.16). It means that 

when the initial film thickness is larger than 15Rg value, the apparent viscosity 

of the PS film converged to the viscosity of the bulk polymer. Therefore, when 
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initial film thickness is larger than 15Rg value, the flow behavior of the PS film 

could be modelled using the flow property of the bulk polymer. 

However, when initial film thickness is less than the 15Rg value, the apparent 

viscosity increased with decreasing film thickness. The apparent viscosity have 

a correlation with the initial film thickness as follows: 

 

 
  ~    .  

 = 5.506 × 10    
(4.5) 

 

The power-law correlation obtained in the Eq. (4.5) seems to be somewhat 

interesting because the index (n ≈ 3.3) have similar value to the index of power-

law relation between the viscosity and molecular weight (n ≈ 3.4). Therefore, 

decreasing film thickness is expected to have similar effect on the viscosity 

with increasing molecular weight in the confined film geometry. It is generally 

known that when the polymer chains are confined in the thin film, only severe 

change of the Rg value in the thickness direction is observed compared to the 

bulk Rg value, while the Rg value of the in-plane direction does not change too 

much. It means that the polymer molecules are compressed in the thickness 

direction without in-plane outflow. Therefore, as initial film thickness decreases, 

it could be assumed that the number of polymer molecules under the unit 

surface area increases, which have similar effect of the increasing molecular 

weight. More detailed studies are needed to analyse similar effect of the film 

thickness and molecular weight on the viscosity along with molecular dynamics 
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simulation.  

 

Figure 4.15 Apparent viscosities depending on the initial film thickness for 

each cavity diameter, Mw = 2116k 
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Figure 4.16 Carreau-Yasuda model of the PS 

 

In this section, the analytic solution applied the apparent viscosity model was 

compared to the results of the experiment. Substituting Eq. (4.5) into Eq. (4.3) 

and rearranging the filling height at the left side gives an expression for the 

square filling height as follows: 

 

 

ℎ =
     

   . 

32 
       

(4.6) 

 

The analytic solution (solid line) for each film thickness is represented in the 

Figure 4.17 with the results of the experiment. The analytic solution applied 

apparent viscosity model was well fitted to the results of the experiment except 

the cavity region that are Dn < 1. When the cavity diameter is smaller than the 

2Rg value, the results of the experiment show the lower processability than the 

analytic solution. As described in chapter 3, the filling ratio decreases as the 

cavity diameter becomes smaller than the 2Rg of polymer in a good solvent. 

That is, the processability decreased as the polymer deformation confined in the 

cavity wall. The obtained analytic solution does not include this effect, thus the 

predicted filling height using Eq. (4.6) is higher than the actual filling height. 

Similar to Eq. (4.2) as discussed in section 4.2.2, the processability depending 

on the film thickness could be normalized using Eq. (4.6). The normalized 

processability for cavity diameter is shown in Figure 4.18 (red solid line) with 
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the results of the experiment. 

 

Figure 4.17 Analytic solution (solid line) with the result of the experiment 
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Figure 4.18 Normalized processability using apparent viscosity model 

As shown in Figure 4.18, the normalized processability well predicted the 

actual polymer deformation for all cavity region. In particular, the 

processability for different initial thickness was well coincided with the one 

master curve while the Eq. (4.2) was fitted with different constant, as film 

thickness is smaller than 7.5Rg value. In this section, the apparent viscosity was 

estimated from the result of the experiment, and the analytic solution was 

investigated for the polymer deformation. Through this, the relationship 

between viscosity and film thickness was obtained. Furthermore, it is found that 

analytic solution applied the apparent viscosity model well predicted the actual 

filling height. Finally, the one master curve representing processability for 

different film thickness could be obtained from analytic approach. 

 

4.3.2 Numerical simulation 

 

In this section, the numerical simulation of the molding process was 

performed with the estimated apparent viscosity and compared to the results of 

the experiment. In the previous section, the analytic solution well predicted 

polymer deformation within the cavity. However, it was limited to the only 

cavity region, and the effect of neighboring cavity and protrusion was not 

considered. Therefore, the numerical simulation is needed to verify the 

usefulness of the estimated apparent viscosity model. In this study, the 

commercial software “Fluent” was used with the given process conditions. The 
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governing equations for viscous fluids that are subject to the assumption of 

incompressibility are as follows. 

Conservation of Mass: 

0=×Ñ u  (4.7) 
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where u, r , σ, S, τ, p  and D  are the velocity vector, the density, the 

total stress tensor, the body forces, the viscous stress tensor, the pressure and 
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the rate of deformation tensor (the strain rate tensor), respectively. Since the 

capillary pressure was not considered in estimation of the apparent viscosity, 

the surface tension excluded from numerical simulation. 

The transient multi-phase flow model was used, and the flow front (free 

surface) was calculated using volume of fluid method. The volume of fluid (f) 

is defined as the volume fraction of a fluid in an element, which can be 

expressed as 

 

elementofvolume

fluidofvolume
=f  (4.10) 

 

If an element is completely filled with fluid, the volume of fluid is unity (i.e., 

f=1) and the element is considered as the main flow region. If an element is 

empty (i.e., f=0), it is an empty region and its contribution to the calculation of 

flow field is excluded. The elements are considered to be on the free surface 

when the volume of fluid lies between 0 and 1 (i.e., 0 < f < 1). As shown in 

Figure 4.19, the calculation field with free surface can be easily represented by 

using the variable f. 

 

 

 

 

Figure 4.19 
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Schematics of Volume of Fluid method (Reproduced from [49]) 

The representative case of boundary conditions and mesh geometry are shown 

in Figure 4.20. The number of element and node were varied with the mold size 

ranging from 20,000 to 500,000. The axisymmetric boundary condition and 

symmetric boundary condition applied to the center of the cavity and the center 

of protrusion, respectively. The cavity diameter varied from 50nm to 500nm to 

study the effect of cavity size. The imprinting pressure of 10 bar was given to 

the pressure inlet. 

 

 

Figure 4.20 Representative case of boundary conditions and mesh 

geometry, D = 162nm 

 

Before the apparent viscosity applied, the filling behavior of the molding 
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process was examined using existing viscosity model, Carreau-Yasuda model, 

which was displayed in the Figure 4.16. The simulation was performed for 

samples having the film thickness of 500 nm and different molecular weight. 

The progress of the filling ratio for different cavity diameter was shown in 

Figure 4.21 with the flow time. 
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Figure 4.21 Numerical simulation results with existing viscosity model 

As shown in Figure 4.21, the filling was completed within a 60s for all cavity 

region regardless of the molecular weight when the Carreau-Yasuda model 

applied for viscosity model. These simulation results were deviated from the 

actual filling height results. In the section 4.2.1, the actual filling of molecular 

weight of 2116k and 1000k was partially filled for all cavity region when the 

initial film thickness was around 500 nm. It means that the existing viscosity 

model used in the above simulation was underestimated for actual flow analysis. 

Therefore, the apparent viscosity model obtained in the section 4.3.1 was 

needed to reflect this increased viscosity. 

The numerical simulation with the estimated apparent viscosity was performed 

for different initial film thickness. The volume fraction within the cavity was 

shown in Figure 4.22 at the flow time of 300 s. As shown in Figure 4.22, the 

filling was partially filled for all different film thickness. It shows more similar 

flow behavior of actual filling than the results using existing viscosity model. 

The single peak was observed, and the filling height decreased with the 

decreasing film thickness. These results well coincided with the results of the 

experiment.   

For the quantitative analysis, both of the filling height results for numerical 

simulation and experiment were shown in Figure 4.23. It was found that the 

simulation results well predicted the actual flow. However, as film thickness 

increases, the difference of the filling height between actual filling and 

simulation occurred. In the actual filling, the global flow of the non-pattern 
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areas developed when the film thickness was sufficiently raised. This developed 

global flow could affect the cavity areas resulting squeeze flow at the non-

pattern areas. The simulation does not include this effect, thus the difference of 

the filling height between actual filling and simulation occurred. 

In this section, the numerical simulation applied the apparent viscosity model 

was performed for different initial film thickness. The numerical simulation 

well predicted the flow behavior compared to that using Carreau-Yasuda model. 

The proposed viscosity model in this study could be easily applied to a practical 

use, and help researchers approach the problem of nano-scale polymer 

processing in the continuum perspective more easily. In addition, the numerical 

simulation based on the continuum mechanics is also applicable to the nano-

scale molding process if proposed viscosity model is used. 
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Figure 4.22 Volume fraction within the cavity for apparent viscosity model 
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Figure 4.23 Filling height results for numerical simulation and experiment 

depending on the film thickness, D = 162 nm, P = 10 bar, Mw = 2116k 
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Summary and Conclusions 
 

 

 

 In this study, nano-scale deformation of entangled polymer chains was 

investigated by thermal nanoimprint lithography (T-NIL) experiments. The 

dependence of the processability on the ratio of the polymer chain size, 

represented by the radius of gyration (Rg), and the cavity diameter was 

investigated by varying the pressure and film thickness for the imprinting 

process. The T-NIL process was implemented under the condition where only 

segmental deformation in the molecular chain occurs rather than in the entire 

chain network of the polystyrene (PS)-film. 

For the bulk thick film (t = 1500 nm, chapter 3), the results can be summarized 

as follows. First, at the same cavity size, patterns can be formed more easily for 

lower molecular weight polymer. Second, at an imprinting pressure of 5 bar, the 

filling ratio decreases as the cavity diameter becomes smaller than the 2Rg value 

of polymer in a good solvent state, whereas no significant changes in the ratio 

was observed for cavity diameters greater than 2Rg. Finally, when the 

imprinting pressure was further raised, improvements in the filling ratio could 

be observed for cavity diameters larger than 2Rg.  

In order to supplement size effect on the polymer deformation, the density 
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variation of the molded patterns was analyzed using adhesion measurement by 

atomic force microscopy. The measurement results of the density ratio also 

showed that patterned area had less polymer molecules than the bulk region 

when the polymer deformation occured in the confined geometry. Furthermore, 

more detailed size effects of the polymer chains and entanglement for the T-NIL 

process were addressed per previous publication on molecular dynamics (MD) 

simulation. MD simulation results showed that when the chains were confined 

by the cavity wall, the polymer conformation was strongly affected by the 

cavity geometry during the molding process. These results suggest that the ratio 

of the chain size to the cavity diameter is the key factor for polymer 

deformation in low-pressure molding prcess. 

 In the chapter 4, the effect of the film thickness on the polymer deformation 

was investigated. The results can be summarized as follows. First, when the 

initial film thickness is larger than 15Rg, the filling height was converged 

regardless of the film thickness at the given process conditions (temperature, 

pressure, molecular weight). On the other hand, when the initial film thickness 

is less than 15Rg, the filling height decreased at the each cavity region. Results 

of the experiment also showed that the filling height of the molecular weight of 

1000k rise more steeply with the increasing t/Rg value than the molecular 

weight of 2116k for each cavity region.  

Next, the dimensional analysis was performed based on the result of the 

experiment. The ratio of the filling height to the initial film thickness (h/ti, hn) 

was defined as the dimensionless parameter for representing the processability 
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of the nano-sclae molding process. In this study, the relationships between hn 

and dimensionless number Dn that represents the ratio of cavity diameter to 

chain size (W/2Rg) were investigated, and it was found that two dimensionless 

numbers are well fitted by the Eq. (4.2). 

Finally, the apparent viscosity was reversely estimated using the filling ratio 

results for different initial film thickness, and it had a correlation with the initial 

film thickness as Eq. (4.5). In addition, the analytic solution applied the 

apparent viscosity model was compared to the results of the experiment, and the 

one master curve representing processability for different film thickness was 

proposed from the analytic approach (Eq. (4.6)). The numerical simulation 

applied the apparent viscosity model was also investigated for different initial 

film thickness. The estimated apparent viscosity model well predicted the flow 

behavior compared to the existing Carreau-Yasuda model. The proposed 

viscosity model in this study could be applied to a practical use, and help 

researchers approach the problem of nano-scale polymer processing more easily. 

This study is expected to set a good exemplary model as an inter-disciplinary 

research between chemical engineering, polymer science, and multi-scale 

mechanical design. The technological contributions of the study also provide a 

guideline that will lead the current stage of manufacturing technology to related 

application areas. 
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나노-스케일 몰딩 공정에서 고분자 변형에 

대한 고분자 관성질량반경의 영향 

 

울  원 

계항공공 부 

        남 

 

초        록 
 

 

미래 사회  핵심 소자  부품 개  여 재 sub-100nm  

구조  작과  많  연구가 진행 고 있다. 특히 고분자 

과   가지는 마이크 /나노 스 일 몰  공 에 

해 는 탄  역에  고분자 변 과  역에  고분자 

동과 같이 부분 연속체 역 에 그  고 연구가 진행 어 

다. 지만 마이크 /나노 스 일에  재료 거동  존 매크  

스 일에  거동과는 다른 양상  보이며, 이에 해  립  

모델이 아직 지 많이 부족  실 이다. 특히 고분자  공  
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역이 고분자 사슬  크  가능  도  작아지면  존  

거동 모델  일  부분 계를 내포 게 었다. 즉, 고분자  

높  해상도  신뢰  획득  해 는 고분자 개별 사슬  거동 

(conformational dynamics)과 사슬 사이  얽힘  고  공  계  

분 이 요 다. 

본 연구에 는 나노-스 일 몰   공 인 열나노임 린트 

리소그래  (T-NIL) 공  이용 여 얽힘 상태에 있는 고분자 

사슬들  변  거동  살펴보고자 다. 이를 여 다양  T-NIL 

공  조건과 고분자 름 상태를 고 고, 종  나노-

스 일에  고분자 이 질량 경(Rg)  는 고분자 

사슬  크 , 그리고 름 께에 해  어떠  상 계를 

가지는지 분 해보고자 다. 본 연구에 는 T-NIL 공 에 

 이용 는  고분자인 polystyrene (PS)  사용 다. 

본 연구에 는 실험에 사용  PS 름 샘 에 해  각 분자량  

질량 경보다 소 20  이상인 벌크 름에  사  실험  

우  행 다. 이 , 각 분자량 시편에 해  동일  께를 

가지는 름  상  실험  행 다. 실험결과, 각 분자량 

시편에  캐 티 직경이 고분자  질량직경 (2Rg) 보다 작아짐에 

라 사 이 떨어지는 것  인   있었다. , 임 린  공  

압  증가에 른 사  향상 도는 고분자  질량직경과 

사  캐 티 직경  후  다른 양상  보임  인   있었다. 

캐 티  직경이 고분자  질량직경보다 작  경우에는 공  

압  증가에 른 사  향상이 거  나타나지 않는 것에 해, 
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캐 티가 질량직경보다 클 경우에는 압  증가에 라 사 이 

효과  향상 는 것  찰   있었다. 추가  이러  

결과를 뒷 침  여   상  도  실험  

행 고, 거동 명  해 존에 공개  분자동역  결과를 

인용 다. 

다  고분자 름   께가 사 에 미 는 향에 

해 도 살펴보고자 다. 실험결과, 고분자   께가 

질량 경보다 15  이상일 경우에는 주어진 공  조건에  

께에 른 사  차이는 나타나지 않았다. 그러나  름 

께가 15Rg 보다 작  경우에는 름 께가 어듦에 라 각 

캐 티 역에  사  역시 감소 는 결과를 얻   있었다. 본 

연구에 는 이러  사 에  께 향   여  

개  차원 라미 를 고, 이들  상 계를 안 고자 

다. 

마지막  나노-스 일 몰  공 에  사 에  께 향  

연속체  에  근  여 겉보  도를 사  실험 

결과에 부  역  추산 고자 다. 분 결과, 겉보  도는 

름 께  power-law 태  상 계를 보임  알  있었다. 

추가  본 연구에  안  겉보  도  검증  여 캐 티 

내  고분자 동에  해 해  해 에 각각 겉보  도 

모델  용 여 실험 결과  다. 분 결과, 겉보  도를 

용  해 해  해  모  존 도 모델 (Carreau-Yasuda model) 

에 해 나노-스 일 몰  공 에  실험 결과  잘 일 함  알 
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 있었다. 이 게 안  도 모델  실  산업 장에 용이 

용이 고, 연구자들이 나노-스 일 몰 과  고분자 동 에 

보다 쉽게 근 도  도   있  것이다. 

본 연구에 는 나노-스 일 몰  공 에   얽힘 상태에 있는 

고분자 사슬들  변  거동   름 께내  고분자 사슬 

크 (conformation) 에  살펴보았다. 이  같  본 연구   

면에  여는 나노/마이크  구조  생산  개  

단계에 부   용   산업분야에 지 폭 게 용   

있  것  다. 
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