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Abstract 

 

Investigation of a Roll-to-Roll Nanoimprinting Process Utilizing  

Inkjet Based Resist Deposition 

 

 

 

Matthew Michael Kincaid, MSE 

The University of Texas at Austin, 2011 

 

Supervisor:  S.V. Sreenivasan 

 

A high-speed, large-area technique capable of nanopatterning flexible substrates 

is highly desirable in several applications such as; 1) thin film photovoltaics (TFPV‟s), 2) 

flexible electronics, 3) optoelectronics, 4) energy storage devices and 5) biological 

applications.  Flexible substrates are attractive as they can be lower in cost than 

traditional substrates, and provide the ability to perform continuous processing both of 

which are valuable for cost sensitive applications such as TFPVs. Also, flexible 

substrates can conform to non-planar surfaces and therefore provide versatility in 

applications such as wearable electronics and biomedical devices.  

In this thesis, a patterning approach known as Jet and Flash Imprint Lithography 

(J-FIL) is explored for flexible substrates. J-FIL uses inkjets to deposit low-viscosity UV 

curable polymer materials (resists) that are molded by a template at room temperature 

and low pressures prior to UV cross-linking. There are inherent advantages to the J-FIL 



 vi 

process that lends itself to patterning flexible substrates.  The room temperature and low 

pressure process makes it more compatible with flexible substrates which tend to become 

dimensionally unstable at elevated temperatures and pressure. The extension of J-FIL to 

flexible substrates involves the following key challenges: (i) Understanding the level of 

precision required in roll-to-roll machine systems to ensure that these systems can 

facilitate imprint and separation of nano-scale features; (ii) The substrate surface should 

be controlled to initiate and maintain proper interface with the template and avoid 

formation of bubbles; (iii) The tension in the film should be controlled to ensure that the 

discrete resist drops are coerced to form a uniform contiguous residual film underneath 

the patterns; (iv) The fluid filling time - that is representative of the process throughput - 

should be low; and (v) After UV curing and separation, the nanoscale patterns should not 

be deformed or damaged.    

The above challenges were addressed by developing a roll-to-roll test bed to 

imprint flexible polycarbonate films using the J-FIL process.  The test bed has the 

capability of controllably varying a number of web tension parameters as well as process 

variables in order to calibrate machine precision and establish control schemes for a 

robust process.  Process metrics such as RLT uniformity, target RLT accuracy, feature 

filling and feature distortion were measured and quantified.   

A design of experiments was performed on the test bed for the purposes tuning 

the process variables as well as developing a model of process performance, with respect 

to critical process parameters. A two-level design, with three input variables, is utilized in 

this experimental process.  The process yielded blank imprints with mean thickness of 

70.5 nm, and a standard deviation of 3.9 nm.  The sensitivity of the mean thickness and 

uniformity to process variables were quantified.  The best performing set of input 

parameters were then used during patterned imprints, to determine if any pattern filling 
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issues or pattern deformation would take place.  The patterned imprints, made up of an 

array of hexagonal pillars (125nm tall, by 240 nm wide, by 450 nm pitch) showed no sign 

of fluid filling voids, or deformation due to separation.  Given this result, the feasibility 

of implementing J-FIL on a roll-to-roll prototype system was established. 

A proposed next generation flexible substrate J-FIL tool is presented, along with 

the expected challenges associated with metrology and dynamic noise.  Future work 

entails the design and qualification of a full scale roll-based imprint tool, capable of 

meeting throughput metrics established for industrial applications. 

 

 



 viii 

Table of Contents 

Chapter 1 Introduction and Motivation .........................................................1 

1.1 Challenges of Nanopatterning Flexible Substrates ................................2 

1.2 Photovoltaic Applications ......................................................................3 

1.2.1 Market ...........................................................................................3 

1.2.2 Photovoltaic Technology ..............................................................4 

1.2.2.1 1st Generation ................................................................4 

1.2.2.2 2nd Generation ...............................................................5 

1.2.2.3 3rd Generation ................................................................5 

1.2.3 Photovoltaics Research .................................................................6 

1.2.3.1 Light Trapping................................................................7 

1.2.3.2 Thin-film Deposition ......................................................8 

1.2.3.3 Plasmonic Structures ......................................................8 

1.2.3.4 Flexible Photovoltaics ..................................................10 

1.3 Summary ..............................................................................................12 

Chapter 2 Background Information .............................................................13 

2.1 Nanopatterning Methods ......................................................................13 

2.1.1 Bottom-Up Nanopatterning ........................................................13 

2.1.2 Top-Down Nanopatterning .........................................................15 

2.1.2.1 Photon-Based Techniques ............................................15 

2.1.2.2 Proximity Mechanical Techniques ...............................17 

2.2 J-FIL for Nanopatterning Flexible Substrates......................................20 

2.2.1 Photovoltaics Applications .........................................................25 

2.2.2 Flat Mode vs. Curved Mode Imprint Process .............................26 

2.3 Summary ..............................................................................................28 

Chapter 3 Machine and Process Design ......................................................30 

3.1 Process Description ..............................................................................30 

3.2 Critical Process Parameters..................................................................33 

3.3 Roll-To-Roll Test Bed .........................................................................36 



 ix 

3.3.1 Tension Module ..........................................................................36 

3.3.1.1 Mean Tension Control ..................................................37 

3.3.1.2 Width-wise Tension Variation Control ........................38 

3.3.2 Tension Module Summary ..........................................................62 

3.3.3 Imprint Module ...........................................................................62 

3.3.3.1 Dispense .......................................................................63 

3.3.3.2 Pattern...........................................................................63 

3.3.3.3 UV Expose ...................................................................65 

3.3.3.4 Separation .....................................................................66 

3.4 Summary ..............................................................................................67 

Chapter 4 System and Process Experimentation .........................................68 

4.1 Design of Experiments .........................................................................68 

4.1.1 Model Variables ..........................................................................69 

4.1.2 Design Variables .........................................................................71 

4.1.2.1 Imprint Surface Repeatability ......................................73 

4.1.3 Performance Measures ................................................................74 

4.1.4 Variable Targets and Boundaries ................................................76 

4.1.5 Experimental Plan .......................................................................77 

4.2 Metrology .............................................................................................78 

4.3 Results ..................................................................................................81 

4.3.1 Template Speed ...........................................................................82 

4.3.2 Drop Pitch ...................................................................................84 

4.3.3 Spread Time ................................................................................85 

4.3.4 Interactions ..................................................................................87 

4.3.5 Analysis of Variance ...................................................................91 

4.3.6 Optimization ...............................................................................98 

4.3.7 Patterned Imprints .....................................................................100 

4.4 Summary ............................................................................................103 



 x 

Chapter 5 Conclusions ...............................................................................106 

Chapter 6 Future Work ..............................................................................109 

6.1 Next Generation Design .....................................................................109 

6.2 Evaluation ..........................................................................................114 



 xi 

List of Tables 

Table 1 A comparison of various techniques for material deposition, adapted from 

[40] ....................................................................................................24 

Table 2 Preliminary cost model of the 3D nanopatterning process using J-FIL, 

including targets to achieve a total manufacturing cost of < $2/m
2
 [42]

...........................................................................................................25 

Table 3 R2R imprint mask attributes .....................................................................28 

Table 4 Flexural linkage geometry variables .........................................................46 

Table 5 Web stress and strain calculations ............................................................50 

Table 6 Critical process parameters and the corresponding control method within the 

tension module ..................................................................................62 

Table 7 RLT calibration values ..............................................................................77 

Table 8 Experimental design matrix ......................................................................77 

Table 9 RLT data ...................................................................................................81 

Table 10 Algebraic signs for calculating effects in the 2
3
 design ..........................88 

Table 11 Variation due to interactions ...................................................................90 

Table 12 Summary of calculated factors ...............................................................93 

Table 13 Initial coefficient of determination values ..............................................96 

Table 14 Improved coefficient of determination values ........................................97 



 xii 

List of Figures 

Figure 1 Material stack configurations for common solar cell technologies, adapted 

from [6] ...............................................................................................6 

Figure 2 Photolithography process steps ...............................................................16 

Figure 3 Unit processes of J-FIL, adapted from [37] .............................................20 

Figure 4 Simplified schematic of the R2R concept ...............................................32 

Figure 5 Ideal roller geometry ...............................................................................34 

Figure 6 (a) Position and orientation errors in the roller module, (b) Tension error 

caused by non-parallelism, (c) Out of plane skew, and (d) Planar tilt of 

the imprint surface ............................................................................36 

Figure 7 Linear tension variation in the cross-machine direction..........................40 

Figure 8 (A) Incorrect center of rotation causes 'sway' (B) A flexural linkage with a 

remote center of compliance .............................................................41 

Figure 9 Flexural linkage kinematic diagram ........................................................42 

Figure 10 Flexural hinge joint geometry ...............................................................45 

Figure 11 Flexural joint deflections vs. input rotation ...........................................46 

Figure 12 Flexural linkage CAD model.................................................................47 

Figure 13 Stiffness model of web ..........................................................................49 

Figure 14 Free body diagram of a roller ................................................................49 

Figure 15 Analytical model vs. finite element model of deflection ......................54 

Figure 16 Web deflection vs. tension-per-unit-width ............................................55 

Figure 17 Contact at unwanted points due to web sag...........................................56 

Figure 18 Back pressure puck and resulting web shape ........................................57 

Figure 19 Out-of-plane compensation ...................................................................60 



 xiii 

Figure 20 Tension module mechanism CAD model (pressure puck removed) .....61 

Figure 21 A schematic illustrating the nature of the resist spreading pattern resulting 

from substrate back pressure, as viewed through the back of the 

template. ............................................................................................65 

Figure 22 Integration of roller module into the imprint module for RTB .............67 

Figure 23 Black box model representation of an experimental process, where;   is the 

control input,   is any disturbances,   is noise in the system and   is the 

output. ...............................................................................................69 

Figure 24 Measured web surface profile ...............................................................74 

Figure 25 Resist layer, substrate transfer process ..................................................79 

Figure 26 A cross-section SEM image showing the interface between the imprinted 

layer and the thick adhesion layer .....................................................80 

Figure 27 (A) Variation in mean residual layer thickness with respect to template 

lowering speed, (B) Variation in standard deviation magnitude with 

respect to template lowering speed ...................................................83 

Figure 28 (A) Variation in mean thickness due to drop pitch, and (B) Standard 

deviation due to drop pitch ...............................................................84 

Figure 29 (A) Variation in mean RLT thickness due to spread time, and (B) variation 

in standard deviation due to spread time...........................................86 

Figure 30 RLT percent error and RLT uniformity percent error for each experimental 

trial ....................................................................................................99 

Figure 31 125 x 240 nm hexagonal pillars imprinted on 125 micron polycarbonate 

film ..................................................................................................102 

Figure 32 Proposed design of next generation flexible lithography tool .............110 



 xiv 

Figure 33 Proposed methods of controlling the web surface shape on a roll-to-roll 

imprint tool......................................................................................111 

 



 1 

Chapter 1 Introduction and Motivation 

A high-speed, large-area technique capable of nanopatterning flexible substrates 

is highly desirable in several applications [1], [2] such as; 1) thin film photovoltaics 

(TFPV‟s), 2) flexible electronics, 3) optoelectronics, 4) energy conversion/storage 

devices and 5) biological applications.  A general purpose approach with high resolution, 

high throughput, pattern flexibility and less waste will enable the pursuit of performance 

and cost improvements in the device applications mentioned.  The ability to manufacture 

cheaper, more efficient solar cells, denser storage media, brighter LED‟s, controlled 

nanoparticle shape for targeted drug delivery, thinner and more efficient polarizers and 

color filters and flexible electronics is of great interest to researchers [3].  The enabling 

technology for this opportunity must combine low cost manufacturing techniques with 

leading edge nanopatterning capabilities in order to be commercially viable and to have 

real impact in industry.   

The motivation for developing such a process is clearly the potential to propagate 

nanomanufacturing in a low cost manner.  The previous list of device applications is by 

no means exhaustive; it simply highlights selected logical avenues in which a novel 

technique can effectively improve the current technology.   

To qualify a new nanomanufacturing method, performance metrics must be 

defined and quantified for that particular application.  However, key challenges such as 

basic resolution, pattern uniformity, pattern placement, alignment, overlay and 

throughput are fundamental hurdles in nanomanufacturing.  There are many 

nanomanufacturing processes that address some of these requirements but sacrifice on 

others.  A successful new process must address all or many of these requirements to be 
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truly flexible, and capable of replacing the current manufacturing technology or enable 

new technological developments.   

1.1 CHALLENGES OF NANOPATTERNING FLEXIBLE SUBSTRATES 

Flexible substrates add additional process constraints to the many pre-existing 

challenges of nanomanufacturing.  Suitable materials, such as PET, Polycarbonate and 

PEN films, are widely available in sheet form, and are sold primarily in rolls.  A 

continuous, high throughput process will have to effectively manage the web material 

throughout all of the steps needed to manufacture the final product.  These processes may 

include multiple steps of cleaning, vapor deposition, sputtering, lithography, etching and 

cutting.  There are also material-based restrictions to nanopatterning, such as the inability 

to use spin-on coating, or high temperature processes.  These challenges must be 

overcome for a new process to be economically viable as well as versatile. 

The primary challenge in nanopatterning flexible substrates is controlling the 

geometry of the imprint area.  Silicon wafers are highly polished, and flat to within 

nanometers, whereas flexible films rely on a support structure to determine its shape.  

Precision handling of the web in a roll-to-roll system is critical for uniform patterns to be 

deposited.  Geometric control, as well as tension control, is investigated further in this 

study in order to determine what level of precision is necessary for successful patterning.   

The following section illustrates one application of a next generation low cost, 

high-throughput process.  Thin-film photovoltaics are in a constant state of research and 

development, in order to improve efficiencies while reducing production cost.  The need 

exists to replace standard manufacturing processes, such as wafer processing techniques, 

with more effective solutions, such as roll-to-roll processing.  A brief overview of the 

state of the art in photovoltaics is presented, along with current avenues of research that 
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could benefit from such a process.  The requirements of this particular application are 

discussed.   

1.2 PHOTOVOLTAIC APPLICATIONS 

1.2.1 Market 

The global market for solar power generation is growing rapidly, at an estimated 

40% per year over the past decade [4], and due to the ever increasing demand for power 

this trend is expected to continue.  Humanity consumes roughly 12 terawatts per year of 

power currently, and is forecasted to increase to 30 terawatts by 2050 [3].  Fossil fuels 

(coal, oil and gas), nuclear power and solar are capable of generating at the terawatt level, 

however, of these, solar is the only renewable source.  Not only is solar power renewable, 

but it is a free source of power and is inherently globally distributed.  The sun irradiates 

the earth with 86,000 TW of power annually, dwarfing the other sources mentioned.  In 

fact, one hour of the sunshine on the Earth is more than enough to power the planet for a 

full year. 

 This vast, renewable resource is underutilized because the cost per unit power is 

currently much higher than the standard cost of power generated by burning fossil fuels.  

The cost of power from the electric grid in the United States is estimated to reach 

$0.06/kW/hr for utility, $0.08/kW/hr for commercial and $0.10/kW/hr for residential 

applications by 2015, according the Department of Energy [5].  By comparison, the 

estimated cost of an installed solar power system is approximately $8 per peak watt [6], 

which includes capital costs, system installation and excludes any government subsidies.  

The goal of reducing the installed cost per peak watt (Wp) to under $1 is considered the 

necessary threshold to reach for solar cells to be cost-competitive with fossil fuel power 
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generation.  The following section provides a brief summary photovoltaic technology and 

how it can benefit from roll-to-roll manufacturing. 

1.2.2 Photovoltaic Technology 

Photovoltaic technology is commonly discussed in terms of generations, as 

proposed by Martin Green [7], which describes photovoltaic technology in terms of cost 

and efficiency.  According to Green, there are three generations of photovoltaic 

development, composed of 1) crystalline silicon and multi-crystalline silicon (c:Si & 

mc:Si), 2) thin-film photovoltaics, and finally 3) beyond the horizon.  Each will be briefly 

discussed in the following sections. 

1.2.2.1 1st Generation 

First generation PV‟s (c:Si and mc:Si) are based on silicon wafers, and compose 

90% of the solar cell market [4].  The c:Si and mc:Si material research and manufacturing 

technology is a well established industry, dating back to the 1950‟s and the beginning of 

the space program.  Efficiencies of c:Si and mc:Si cells have gradually increased over the 

years and are now approximately 18% and 14-16%, respectively.  However the costly 

materials required, such as crystalline silicon, or the indium used in transparent electrode 

layers, to produce these efficiencies are already produced on a large quantity basis, and 

therefore do not have the capability for large–scale cost reduction.  It is estimated that 

material cost accounts for above 50% of the total module manufacturing cost in c:Si 

production [4].  Even with efficiencies above 20%, silicon PV‟s are still subject to small 

area (~100cm2) production, which also limits the cost efficiency of large scale 

manufacturing.  The manufacturing process itself is composed of many steps, and 

requires a significant amount of energy to process the wafer.  The end result is more 

costly electricity, if produced by first generation solar cells, with little possibility of cost 
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reduction.  Mono- and polycrystalline silicon wafer cells sell at a module production cost 

of about $1.50 per peak Watt [5].   

1.2.2.2 2nd Generation 

The second generation of photovoltaics is the use of thin-film technology.  This 

approach was developed to reduce the cost of materials by avoiding the use of silicon 

wafers.  Thin-film photovoltaics involves the deposition of thin layers of materials such 

as Amorphous Silicon (a:Si), Cadmium Telluride (CdTe), Copper-Indium-Gallium-Di-

Selenide (CIGS) and Dye-Sensitized Solar Cells (DSC) onto a support substrate, which 

can be rigid or flexible.  The production unit size can be much larger than 1st generation, 

wafer processing capabilities.  Through reduced material cost and increased production 

capacity, second generation photovoltaics are gaining market share.  Currently, thin-film 

technology represents ~10% of the photovoltaic market, and is increasing steadily.  

Quoted efficiencies for a:Si, CdTe and CIS/CIGS are in the ranges of ~6-8%, ~8-9% and 

~11-12% respectively.  CdTe and CIS/CIGS thin-film solar cells demonstrated record 

efficiencies of 16.5% and nearly 20%, respectively [5].  The production cost of CdTe 

thin-film modules is currently about $0.76 per peak watt [5].  While these efficiencies do 

seem attractive, there are environmental issues with materials like cadmium, which is a 

known carcinogen [8]. 

1.2.2.3 3rd Generation 

The third generation of photovoltaics, described as being „beyond the horizon‟, 

employ diverse techniques to increase solar cell efficiency as well as reduce the 

manufacturing cost.  Technologies such as organic polymer solar cells, nanoscale 

structuring (includes photonic crystals, quantum dots and plasmonic structuring), multi-
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junction cells, bulk hetero-junction cells and dye-sensitized solar cells (DSC) are current 

attempts to increase cell efficiency while keeping manufacturing costs low [4], [5], [10].   

Figure 1 below depicts five of the most common solar cell structures.  A 

transparent conducting oxide (TCO) is commonly used as an encapsulating material to 

shield the semiconductor material from the environment, to reduce degradation.   

 

 

Figure 1 Material stack configurations for common solar cell technologies, adapted from 

[6] 

1.2.3 Photovoltaics Research 

The status of photovoltaic technology, as described above, is moving towards the 

2nd and 3rd generations of solar cells and away from the first generation, primarily due to 

the high material cost of crystalline wafers.  The use of thin-film deposited layers, 

regardless of semiconductor type, has become ubiquitous.  The following sections will 
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discuss some of the more promising avenues of photovoltaic research, as they pertain to 

increasing cell efficiency and/or reducing overall cost of production. 

1.2.3.1 Light Trapping 

Increasing power conversion efficiency in all types of solar cells is obviously a 

goal of current research, however, improving the efficiencies of less expensive thin-film 

cells, such as a:Si and CdTe, has the capability to make solar power generation cost 

competitive with grid electricity.  Photonic crystals and wavelength-scale optical 

structures are used on incident surfaces of the solar cell to lengthen the optical path [9], 

[10] of light within the semiconductor layer, thus promoting light absorption.  The 

conventional method of light trapping may involve one or both of the following methods: 

1) texturing the front (incident silicon surface) or back (reflective back contact) surface of 

the thin-film cell with wavelength-scale nanostructures, and 2) using a highly reflective 

back layer to reflect incident light with low absorption loss.  These methods cause 

incident light that is not initially absorbed to reflect multiple times within the active 

semiconductor layer, improving the chance of absorption.  A high throughput method of 

directly patterning functional layers such as these is a promising research area in bringing 

the cost per watt of solar generated power down to competitive levels.    

The use of surface texturing on a mc:Si solar cell is one method aimed at 

increasing light absorption via texturing of the ITO and incident semiconductor surface.  

Thin-film polycrystalline silicon deposited using low temperature plasma chemical vapor 

deposition (CVD) forms naturally with a textured structure on its surface, and the size of 

this texture is strongly dependent upon the thickness of the thin-film.  Results by 

Yamamoto [11] state that the surface texture of a 4μm thick deposited layer is well suited 

for light trapping, however thinner layers, such as 1.5μm thick, perform poorly.  The 
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improved internal reflectivity causes the optic path to lengthen within the absorptive 

layer, yielding better efficiency.  Implementing these texturing strategies into large-scale 

production is challenging for the fact that depositing 4μm of material via low temperature 

plasma CVD will significantly increase production time.  Other, high throughput 

techniques for patterning the surface must be investigated, such as nanopatterning the 

desired texture into polymer and then depositing metal over top for reflectance.  These 

types of solutions may allow efficiency gains in thin-film devices while synergistically 

improving production speed and lowering cost.    

1.2.3.2 Thin-film Deposition 

The workhorse deposition process for lab-scale devices has been CVD.  This 

process is has a high range of temperatures, from room temperature up to 400°C.  Lower 

temperatures permit the use of various substrate materials, such as plastics, however the 

speed of the deposition process (1-10 Å/s [5]) are not conducive to high throughput 

manufacturing.  Glass substrates of up to 5m
2
 are used for thin-film deposition, which 

reduces the cost of using silicon; however the batch processing approach to solar cell 

manufacturing hinders throughput capability.  Material restrictions as well as batch 

processing have pushed researchers to look for new materials and methods of fabrication 

for thin-film PV‟s, that include ink-jet patterning, gravure printing, knife-edge coating 

etc. [2], [12–17].   

1.2.3.3 Plasmonic Structures 

The energy conversion efficiencies of thin-film a:Si cells are currently much 

lower than that of crystalline; roughly 6-8% vs. ~18%, respectively [18].  The large 

mismatch between the electronic and photonic length scales in these devices is a large 

factor in this deficit.  The absorption depth of light in amorphous silicon is significantly 
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larger than the electronic, minority carrier diffusion length (~500nm vs. ~100nm, 

respectively) [19].  The short diffusion length in a:Si is due to high defect density in the 

crystal structure.  As a result, a:Si cells are generally fabricated with thin (<100nm) layers 

to promote charge extraction at a cost of less optical absorption.   For high efficiency 

solar cells, the minority carrier diffusion length must be significantly longer than the 

active material layer thickness to decrease the chances of recombination within the bulk 

semiconductor.  

One solution to this problem is to increase light absorption in ultra-thin (minority 

carrier diffusion length scale) layers of active material.  This would result in lower 

recombination currents, higher open circuit voltages and higher conversion efficiencies.  

Planar, anti-reflective coatings limit transmission efficiencies over the entire solar 

spectrum, and do not provide and effective means to trap more light and increase 

absorption.  Conventional light trapping via surface texturing of thin-film cells has also 

shown to increase surface recombination [20], thus reducing its effectiveness.   

Over a decade ago the use of (metallic) plasmonic structures was proposed as a 

method to increase PV efficiency [20].  Metallic nanostructured thin films, which support 

surface plasmon polaritons (SPPs), are capable of guiding incident light into wavelength- 

or sub wavelength-scale absorption layers.  SPPs are collective oscillations of free 

electrons at the boundary of a metal and a dielectric or semiconductor material.  SPPs can 

be excited by incident light, but unlike incident light, which is out of plane, the surface 

plasmons propagate in-plane at the metal/dielectric interface.  These modes are localized 

to the metal surface and can propagate several micrometers with minimal loss, enabling 

efficient absorption even in sub-100nm semiconductor layers.  The plasmonic mode and 

photonic mode are both absorbed by the semiconductor, therefore increasing the solar 

cell efficiency.  Plasmonic absorption is much less dependent to the angle of incident 
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light, making this technology very attractive for low cost solar modules that do not track 

the sun during operation.   

Coupling incident light to surface plasmon polaritons can provide higher 

absorption, with much thinner layers of semiconductor material.  Thinner active material 

layer thicknesses can provide shorter electronic diffusion distances, which will 

effectively increase the conversion efficiency of the cell.  The use of thinner film 

thicknesses also translates into less material use, and therefore less waste.  Throughput is 

also affected positively, as thinner layers take less time to deposit using standard vapor 

deposition techniques.  And finally, the ability to use thinner absorption layers will 

enable the use of novel materials with shorter minority carrier diffusion lengths than were 

previously unacceptable, opening up the possibility of further cost and weight reduction. 

Recent improvements in nanofabrication methods have caused renewed interest in 

plasmonic structures for use in thin-film PV‟s.  The ability to affordably nanopattern the 

sub wavelength-scale features necessary for plasmonic scattering modes has enabled their 

use.  As research-scale production of thin-film PV‟s with plasmonic structures increases 

to commercial-scale, an affordable means of manufacturing these cells will be necessary.   

1.2.3.4 Flexible Photovoltaics 

Flexible photovoltaics have become popular in recent years due to their ease of 

manufacture.  Large-scale roll-to-roll processes have been developed to produce large 

area, relatively inexpensive, solar cells [21].  The use of conjugated polymers as the 

photoactive layer opens up many deposition methods not currently compatible with 

standard semiconductor materials.  Because the polymer can be made soluble, high 

throughput deposition processes such as screen printing, doctor blading and inkjetting are 

made possible.  Layer thickness control, and the ability to deposit very thin layers 
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(~100nm or less) with high uniformity is critical, and the previously mentioned 

techniques may not address these requirements [22].  Spin coating would be the preferred 

method of depositing thin layers from a liquid phase material, however it is not 

compatible with roll-to-roll (R2R) processing, and has very high material waste.  Other 

techniques will need to be implemented to deposit the required layers with good 

uniformity and low material waste.  These techniques will also be required to take place 

at low temperature to permit the use of a wide range of substrate materials that are R2R 

compatible. Efficiencies of flexible solar cells, organic- or semiconductor-based, thus far 

have unfortunately been limited to less than 5% [21], [23].  However, with modest 

efficiency gains and the capability of high throughput, low cost production may someday 

make organic PV‟s cost competitive with grid electricity.  

Roll-to-roll manufacturing is one way to combat the cost and throughput issues 

facing solar cell manufacturing.  In order to use the deposition processes previously 

mentioned, thinner semiconductor layers must be used to allow for higher throughputs.  

Companies such as Leybold Optics GmbH [24], and many others have already developed 

manufacturing solutions for physical vapor deposition on R2R substrates.  A variety of 

liquid phase deposition techniques exist for flexible substrate coating, however the desire 

to use thinner film thicknesses limits the choice of method.  A desirable layer deposition 

method must have the capability of generating uniform, sub-100nm layers, with little 

waste, and the ability to handle a variety of materials and surface topographies.  An 

integrated manufacturing solution addressing the previously mentioned requirements 

could push the development of low cost flexible solar power. 
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1.3 SUMMARY 

The need for a versatile, high throughput, nanofabrication process for the 

development of the next generation of nano-scale devices is clear.  This is evident in thin-

film photovoltaics research, which is an exemplary application that has been discussed in 

detail in this chapter. Additional potential applications include flexible displays, 

Graphene based nanoelectronics, RFIDs, and Transceivers. The ability to fabricate 

arbitrary nanoscale structures on inexpensive flexible substrates at low cost and with low 

material waste has the potential to enable researchers to use this capability in novel ways. 

Specific examples of new photovoltaic fabrication methods aimed at increasing 

efficiency and lowering production costs were discussed, such as plasmonic structures, 

surface texturing, and roll-to-roll manufacturing.     
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Chapter 2 Background Information 

2.1 NANOPATTERNING METHODS 

There are a variety of techniques available for the manufacture of nanoscale 

patterns, each with its own strengths and weaknesses.  The choice of method boils down 

to the requirements of the application.  For example, small, research-scale (in terms of 

throughput) manufacturing would be better suited to use a flexible, high resolution 

method such as E-Beam Lithography (EBL).  Whereas large-scale production of a 

nanopatterned device would benefit from a higher throughput, parallel patterning process 

such as imprint lithography. Researchers continue to push the limits of resolution, 

throughput, and pattern complexity to meet market demands spawning from applications 

including semiconductor ICs, memory devices, data storage and energy conversion and 

storage. This has led to the development of several nanopatterning processes, which will 

be briefly described in this section. The goal is to present the inherent advantages and 

limitations of each process.  Nanopatterning options are presented broadly in two 

categories; bottom-up and top-down.  A more detailed review of nanofabrication can be 

found in The Handbook of Nanofabrication [25].  

2.1.1 Bottom-Up Nanopatterning 

Bottom-up nanopatterning involves self-assembly, or   the autonomous 

organization of components into patterns, or structures, without direct human guidance 

[26].  Recently, researchers have begun to exploit these regular ordered processes for the 

purpose of creating nanoscale patterns.  As the critical feature size becomes smaller, 

conventional lithographic techniques become more difficult and expensive [26].  The 

motivation for developing self-assembly techniques is to create a low-cost process 

capable of generating regular patterns of nanoscopic features over large areas. 
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Block copolymers (BCPs) are one such research avenue aimed at satisfying this 

goal.  A diblock copolymer consists of two chemically dissimilar polymer chains that are 

covalently linked together at one end [26].  Amorphous block copolymers are composed 

of blocks of materials such as polystyrene (PS), poly(methyl methacrylate) (PMMA), 

poly(ethylene-alt-propylene) (PEP), or poly(vinylpyridine) (PVP) [26].  Upon heating, 

dissimilar blocks tend to segregate into ordered arrays of microdomains [27].    Varying 

the volume fraction components, molecular weight, etc. allows researchers to change the 

size and shape of the domains.   

Using the block copolymer method to nanopattern a substrate has its limitations.  

For example, the size and shape of the domain are regular, and periodic, but not 

individually controlled.  These self-assembly techniques are not able to pattern arbitrary 

structures, obtain long-range order, and achieve acceptable throughputs for 

manufacturing applications [25].  Better long range order can be obtained through 

directed self-assembly, where the BCPs are allowed to organize on a pre-patterned 

substrate with preferential surface properties towards one of the blocks [28]. Because 

spin-coating of the BCP material is used, there is a high amount of waste adding to the 

consumable cost of the expensive starting solution.  Although self-assembly has the 

enticing characteristic that it does not involve sophisticated templates, the inflexibility of 

the process to create arbitrary patterns and features limits this process to few feasible 

applications.   

The focus of this document involves techniques which exhibit the cost structure, 

flexibility, and throughput needed for large-scale manufacturing.  Bottom-up methods do 

not meet these criteria, and therefore will not be utilized in the remainder of this study. 
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2.1.2 Top-Down Nanopatterning 

Top down nanopatterning is primarily made up of photon-based approaches and 

proximity mechanical techniques [25].  The following section briefly discusses 

conventional top-down methods of nanofabrication. 

2.1.2.1 Photon-Based Techniques 

Photon-based techniques, such as photolithography, are processes that use light to 

transfer a geometric pattern from a photomask to a flat surface which is covered in a light 

sensitive chemical known as photoresist.  The pattern on the photomask is projected onto 

the substrate surface, reacting with areas exposed to the light.  For positive tone 

processes, the un-exposed areas are later removed by solvent rinsing, leaving only the 

pattern.  This pattern is then used as either a functional layer, or a sacrificial etch barrier.   

The standard photon-based lithographic process for high resolution today is 

193nm photolithography with water immersion (i-193nm).  i-193nm is capable of 

patterning 45nm half-pitch features with good long-range order, precision overlay, and 

extremely high data transfer efficiency [25].  However logic devices with more 

complicated designs are expected to have significant challenges at the 45nm half pitch 

scale and below [3].  Photolithography has been the primary means of nanofabrication for 

the past three decades [29] but inherent limits to its resolution [3] has spurred the 

development of many new photon-based as well as mechanical embossing methods of 

nanofabrication [25].   
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Figure 2 Photolithography process steps 

In response to this resolution limit, smaller wavelength light sources methods are 

being developed which will allow for denser pattern features.  A prime candidate to 

replace i-193nm is Extreme Ultraviolet Lithography (EUVL), which operates at a 

wavelength of 13.2nm (soft x-ray) [28].  However, this method is still in developmental 

stages, and is much too expensive for high throughput, commodity manufacturing at this 

point [28]. 

X-ray lithography (XRL), electron projection lithography (EPL) and ion beam 

projection lithography (IPL) are other lithographic methods comparable i-193m [25].  

However, the semiconductor industry does not currently utilize these technologies, and 
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therefore the infrastructure for tool and mask development is not in place [25].  These 

technologies offer no advantages to the conventional photolithography techniques. 

The previously mentioned photon-based techniques all require a high-cost mask, 

usually fabricated using direct-write electron beam tools [30].  Masks can then be 

replicated using higher throughput lithography process, thus reducing the cost per mask 

to an acceptable level.  However, the high cost of masks has driven researchers to 

develop „maskless‟ techniques [30], such as interferometric lithography (IL).  IL is 

carried out by combining two beams of coherent radiation, at a controlled angle, at the 

plane of exposure.  Interference of the two beams causes a sinusoidal intensity pattern 

[31].  The interference pattern is projected onto the resist-covered substrate, leaving the 

desired pattern in exposed resist.  IL can pattern large areas quickly; however their 

application is currently limited to repeating structures such as gratings or an array of dots 

[32].  Other maskless techniques, such as scanning electron beam lithography, are low 

throughput, and therefore are not a cost effective option for large-scale production [33]. 

 

2.1.2.2 Proximity Mechanical Techniques 

Proximity mechanical techniques include imprint lithography, dip-pen 

lithography, and soft lithography.  Patterning is accomplished by means of physical 

contact between the template and the material to be patterned, rather than photonic 

techniques.  These methods have the potential to pattern at the nanoscale, and at low cost 

[25].  The following section reviews the capabilities of these processes. 

Atomic Force Microscope- (AFM) based systems, such as dip-pen lithography 

utilize AFM tips, which are coated in a chemical compound or „ink‟ and brought into 

contact with the surface of the substrate [34].  The ink, normally a liquid, is then 



 18 

transferred to the substrate.   Much effort has been made to increase the throughput of 

this process using arrays of tips; however throughput and resolution are still limited [34]. 

Soft lithography utilizes a flexible, elastomeric stamp, with raised features in the 

shape of the desired pattern [35].  These features are then covered in a layer of etch 

resistant „ink‟ and then applied to the substrate surface through contact.  The stamp, or 

mold, is usually made of a soft material such as polydimethylsiloxane (PDMS).  This 

method is capable of generating features reliably down to the sub-micron range, and has 

the advantage of doing so without a complicated mask system.  Soft lithography was 

developed to circumvent the expense of using rigid silicon or fused silica masks.  The 

resolution of soft lithography, however, is limited due to the possibility of features 

becoming distorted during contact pressure.  Soft lithography also cannot provide 

nanoscale overlay alignment, which is crucial for multi-layer device fabrication. 

Nanoimprint Lithography (NIL) is a non-conventional technique for parallel 

printing nanostructures.  NIL relies on mechanical embossing as a means to pattern the 

resist material.  It has the capability to imprint resist patterns, as well as functional 

structures in various polymers, over large areas with high precision and low cost.  NIL 

consists of two primary methods; Thermal NIL and UV-NIL.   

Thermal NIL, or hot embossing, consists of a rigid patterned template that is 

brought into contact with a high-viscosity spin-coated layer.  The temperature of the spun 

on material is then raised above its glass transition temperature while pressure is applied.  

The material then conforms to the template relief structure, cools, and then separated 

from the mold, leaving the pattern on the resist material.  Thermal NIL has the capacity to 

pattern sub-10nm features; however the high temperatures and pressures associated with 

the process do restrict its use in some applications.  Thermal mismatch in multi-layer 

devices, as well as thermal mismatch between the template and substrate, can cause 
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significant distortion.  High-viscosity flows and heating/cooling cycles limit the 

throughput capability of this method.  And finally, significant thermal expansion 

mismatch can lead to poor alignment and overlay between layers.   

UV-NIL also forms patterns via mechanical contact/embossing; however the high 

viscosity spin-on material of thermal embossing is replaced with a low viscosity UV 

curable liquid. UV-NIL consists of two branches relating to the way imprint material is 

delivered to the substrate surface: drop on demand inkjet printing and spin on coating.  

Drop on demand (DoD) makes use of inkjet-style dispense heads that deposit the UV 

curable liquid on the substrate as an array of picoliter-sized droplets just prior to template 

contact.  One variant of UV-NIL is Jet and Flash Imprint Lithography (J-FIL) [3], earlier 

known as Step-and-Flash Imprint Lithography (S-FIL) [36], which uses DoD based 

dispense.  Low pressure from the template contact merges the array of droplets into a 

contiguous film, which conforms to the template relief structure and is subsequently 

cured using ultra-violet light [3].  The template is then separated from the polymerized 

resist. The templates used in this process are made of clear glass, in order to expose the 

entire patterned area to a UV source.  The low temperature, low pressure operating 

conditions of J-FIL make it a primary candidate for use in R2R applications.  Figure 3 

depicts the unit processes in J-FIL.  
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Figure 3 Unit processes of J-FIL, adapted from [37] 

J-FIL is segmented into two main categories; Whole Wafer (WW) and Step and 

Repeat (S&R).  WW processing utilizes large, semi-rigid masks which are currently 

capable of patterning up to a 4 in. diameter area.  This process has the advantage in 

throughput thanks to a larger unit production area, but S&R has better alignment and 

overlay capability [38].  Depending upon the device application requirements, one of 

these processes may be more suitable than the other.  Both processes are very low waste, 

due to the dispense method, and have single nanometer-scale resolution [25].     

 

2.2 J-FIL FOR NANOPATTERNING FLEXIBLE SUBSTRATES 

The previous section discussed the leading nanopatterning techniques available, 

as well as the strengths and weaknesses of each.  The following section will justify the 
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choice of using J-FIL, over the other discussed methods, on flexible substrates.  An 

example application of J-FIL on flexible substrates is given. 

Flexible substrates add additional process constraints to the many pre-existing 

challenges of nanomanufacturing.  Suitable materials, such as PET, Polycarbonate and 

PEN films, are widely available in sheet form, and are sold primarily in rolls.  A 

continuous, high throughput process will have to effectively manage the web material 

throughout all of the steps needed to manufacture the final product.  These processes may 

include multiple steps of cleaning, vapor deposition, sputtering, lithography, etching and 

cutting.  There are also material-based restrictions to nanopatterning, such as the inability 

to use spin-on coating, or high temperature processes.  These challenges must be 

overcome for a new process to be economically viable as well as versatile. 

Recent results of roll-to-roll imprinting (R2RNIL) on a flexible web and roll-to-

plate imprinting (R2PNIL) by Guo and Ahn [39] illustrate the technical feasibility and 

throughput improvement of a continuous, roll-based process of patterning flexible 

substrates.  The large area, roll-based approach, along with relatively inexpensive 

material, successfully demonstrated the fabrication of 70 and 300 nm line width gratings, 

continuously.  This process utilized a 6 in. wide substrate and a deposition technique 

similar to gravure and flexo-graphic printing to pattern large areas [2].  Guo and Ahn 

were able to achieve continuous throughput rates of 1 meter per minute. However, pattern 

quality (line edge roughness) and large area printability are not the only important factors 

in creating a high throughput nanopatterning process.  Residual layer control is also 

critical. 

Residual layer thickness (RLT) is an important factor for post-imprint etching 

processes as well as for the pattern to be used in optical applications.  A thinner, more 

uniform RLT is preferred, in order to minimize its impact on the pattern profile.  During 
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RLT removal, plasma etching removes a small amount of the transfer layer as well.  The 

thinner the RLT, the less time it takes for the plasma to etch through, and damage to the 

resist pattern is minimized.  In optical applications, the residual layer must be controlled 

to avoid such things as unwanted light absorption properties, and film birefringence.  Guo 

and Ahn deposited layers with RLT values in the range of 500-2500nm [2].  For gratings 

with 300 nm pitch and height of 600 nm, etching is difficult because of the large film 

thickness.  Therefore, this process is not capable of being used to pattern a transfer layer, 

as it cannot create thin enough residual layers to allow for subsequent etching. 

 This process is also limited by the material deposition technique.  Gravure and 

flexo-graphic coating methods rely on the viscosity of the imprint liquid to adhere to a 

roller, which is then transferred to the substrate as a contiguous film.  The viscosity of the 

resist is much higher than the UV curable resist used in J-FIL, therefore making etching 

through the residual layer of a nanoscale pattern extremely difficult. 

In J-FIL, the resist material is dispensed via inkjet, meaning there is nearly zero 

wasted material (~0.1% material usage compared to spin coating [25]).  A multi-nozzle 

inkjet head has an array of nozzles, allowing it to dispense resist very rapidly within the 

imprint tool itself.  Because the volume and spacing of the drops are controlled, very thin 

resist layers can be achieved.  This method also avoids significant evaporation losses, and 

the added contamination risks due to transport.   

There are inherent advantages to the J-FIL process that lends itself to patterning 

flexible substrates.  Because the resist material is low viscosity and UV curable, the 

process is conducted at room temperature and low pressure.  This makes the process 

more compatible with flexible substrates which tend to become dimensionally unstable at 

high temperatures and pressure.  The coefficient of thermal expansion for substrate 

materials such as PET or Polycarbonate is in the range of 40-70 ppm.  This high amount 
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of thermal expansion causes too much uncertainty in processes that require temperature 

cycling, such as thermal nanoimprint lithography.  For a temperature-cycling process to 

avoid thermal mismatch, the substrate material and resist material must have the same 

coefficient of thermal expansion.  This may be possible; however it would severely limit 

the number of materials that could be used.  Instead, J-FIL avoids this unwanted 

complication through utilization of low viscosity resists (~10cP). 

Table 1 compares a number of material deposition techniques commonly used in 

nanomanufacturing processes as well as R2R processes.  The inkjet technique in this 

table is representative of the inkjet deposition process in J-FIL.  The material usage, 

speed, etc. are representative of J-FIL, however the wet thickness category for the inkjet 

technique differs from J-FIL in that the layer is not formed until the template contacts the 

fluid droplets, while for inkjetting it relies on surface-tension driven spreading and 

formation of a contiguous film.   
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Table 1 A comparison of various techniques for material deposition, adapted from [40] 

Technique Ink waste Pattern Speed 
Ink 

preparation 

Ink 

viscosity 
Wet thickness (μm) R2R compatible 

Spincoating 5 0 - 1 1 0-100 No 

Doctor blade 2 0 - 1 1 0-100 Yes 

Casting 1 0 - 2 1 5-500 No 

Spraying 3 0 1-4 2 2-3 1-500 Yes 

Knife-over-edge 1 0 2-4 2 3-5 20-700 Yes 

Meniscus 1 0 3-4 1 1-3 5-500 Yes 

Curtain 1 3 4-5 5 1-4 5-500 Yes 

Slide 1 3 3-5 5 1-3 25-250 Yes 

Slot-die 1 1 3-5 2 2-5 10-250 Yes 

Screen 1 2 1-4 3 3-5 10-500 Yes 

Ink jet* 1 4 1-3 2 1 1-500 Yes 

Gravure 1 2 3-5 4 1-3 5-80 Yes 

Flexo 1 2 3-5 3 1-3 5-200 Yes 

Pad 1 2 1-2 5 1 5-250 Yes 

Ink waste: 1 (none), 2 (little), 3 (some), 4 (considerable), 5 (significant). Pattern: 0 (0-dimensional), 1 (1-

dimensional), 2 (2-dimensional), 3 (pseudo/quasi/2/3-dimensional), 4 (digital master). Speed: 1 (very slow), 2 

(slow<1m/min), 3 (medium 1-10m/min), 4 (fast 10-100m/min), 5 (very fast 100-1000m/min). Ink preparation: 1 

(simple), 2 (moderate), 3 (demanding), 4 (difficult), 5 (critical). Ink viscosity: 1 (very low<10cP), 2 (low 10-

100cP), 3 (medium 100-1000cP), 4 (high 1,000-10,000cP), 5 (very high 10,000-100,000cP). 

 

As Table 1 suggests, using an inkjet technique for material deposition is favorable in 

many of the categories listed and is also roll-to-roll compatible.   

DoD printing enables arbitrary pattern complexity by varying the amount of 

material deposited in more, and less densely patterned areas.  When using a 

nanoimprinting method, the template must displace a volume of imprint material, which 

varies with pattern density.  For a relief pattern template, more densely patterned regions 

require more imprint material, and the opposite is also true.  Significant pattern density 

variations will cause RLT variations, if the resist material is uniformly deposited (as it 

would be in, say, spin-coating).  Therefore, varying the volume of dispensed resist, 

proportionally to the pattern density, using inkjet technology represents a large advantage 

over other material deposition techniques.  One of the biggest advantages the J-FIL 
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process has over a doctor blade or roll-coating method of resist deposition is that the final 

RLT can be reduced dramatically (<15nm [41]).   

2.2.1 Photovoltaics Applications 

Photovoltaics manufacturing on flexible substrates is a valuable research area, as 

discussed in Chapter 1.  A roll-based J-FIL process has the capability to pattern nanoscale 

structures, at low cost, which can lead to increases in cell efficiency.  Researchers agree, 

the key to the future of solar energy production is a combination of cost reduction and 

efficiency improvement [4].  Plasmonic structures, photonic crystals, and surface 

texturing are all techniques that can be cheaply applied using the high resolution 

capabilities of J-FIL.  Applications that will admit the use of polymers as the functional 

material can be imprinted in a single step, over large areas [37]. The goal of such a 

process is to increase efficiency while reducing costs.  An appropriate example of a cost 

study is presented in [42] where the cost of using a J-FIL tool for semiconductor 

production was estimated.  The models in that reference have been adapted here for thin 

film photovoltaics and the results are shown in the table below. 

Table 2 Preliminary cost model of the 3D nanopatterning process using J-FIL, including 

targets to achieve a total manufacturing cost of < $2/m
2
 [42] 

  

Item No.  Dominant Cost Patterning Steps (Represent >95% of the 

cost) [reference] 

Target 

Cost  

1 Capital Cost (based on 7 year depreciation models) ~$0.5M/yr 

2 Throughput (m
2
 per hour) ~ 120 

3 Resist Material Cost <$1/m
2
 

4 Template Replicas (copies made by J-FIL with the use of 

functional materials to address replica substrate and processing 

costs) 

<$0.5/m
2
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Table 2 is a preliminary estimate of the cost of operating a J-FIL nanopatterning 

machine for thin-film a:Si solar cell manufacturing with the goal of holding 

manufacturing costs to less than $2/m
2
.  This price, as explained in the photovoltaics 

section above, has the potential to make the cost of solar energy produced by solar cells 

manufactured in this manner cost competitive with current grid-electricity prices (i) By 

enhancing efficiency by 30% to 100% due to controlled nanopatterned substrates for light 

trapping; and (ii) By keeping the incremental cost at less than $2/m
2
.  

To estimate the potential incremental cost of nanopatterning by the proposed 

method, the cost figures in Table 2 were obtained in the following manner: 

1. The J-FIL machines are estimated to operate approximately 7000hr/yr. 

2. The total area produced per year can be found by:  

3. 120 m
2
/hr * 7,000 hr/yr = 840,000 m

2
/yr 

4. Cost per square meter can be calculated as: 

5. $0.5M/yr   840000m
2
/yr = $0.59/m

2
 

6. Total cost, including resist material and templates is then: 

7. $0.595 + <$1 + <$0.5 = ~$2/m
2
 

2.2.2 Flat Mode vs. Curved Mode Imprint Process 

Patterning of flexible substrates in a roll-to-roll process is done in many ways.  

The basic differentiation between the methods previously discussed is the type of 

template used to pattern the imprint material.  Cylindrical template rollers and belt-style 

rollers are typically used; however templates of these form factors are difficult to 

manufacture [25].  The proposed J-FIL R2R system will imprint the flexible substrate on 

an open span of web with a flat template, thus avoiding any bending stresses induced 

while the imprinted pattern is solidified.   
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For example, Guo and Ahn [2] patterned multiple ethylene tetraflouroethylene 

(ETFE) molds and then bonded them to a tensioned belt to create a „track‟ style template.  

The belt is tensioned over two rollers, and rotates as the resist-covered substrate translates 

underneath so that shearing of features is avoided.  The substrate generally wraps around 

a portion of the belt/template to ensure good contact pressure, which also introduces 

bending.  Although the flat template is limited by field size, in the context of throughput 

(“T-put”), the ability to replicate these templates is much easier than cylindrical roller 

templates or revolving track style templates.  This represents a significant advantage over 

the other two processes since the template fabrication infrastructure for imprint 

lithography is already in place.  In addition, overlay and alignment techniques developed 

for J-FIL on rigid substrates may still be extendable on flexible substrates, making this 

process attractive for future multi-layer patterning applications. 
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Table 3 illustrates three common R2R template design variants, and the 

manufacturing issues associated with each. 

Although the flat template is limited by field size, in the context of throughput 

(“T-put”), the ability to replicate these templates is much easier than cylindrical roller 

templates or revolving track style templates.  This represents a significant advantage over 

the other two processes since the template fabrication infrastructure for imprint 

lithography is already in place.  In addition, overlay and alignment techniques developed 

for J-FIL on rigid substrates may still be extendable on flexible substrates, making this 

process attractive for future multi-layer patterning applications. 
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Table 3 R2R imprint mask attributes 

 

In the example discussed previously, Guo and Ahn [2] UV cure the imprint resist 

at the point where the substrate wraps around one template roller.  After which, the 

patterned substrate is separated from the roller and tensioned flat again, before entering 

downstream processes.  Polymer-based materials are flexible, and may negate the effect 

of curing while bent.  However, commonly used materials, such as Indium Tin Oxide 

(ITO), are brittle and can sustain damage as the substrate is straightened.  A more flexible 

approach would be to imprint the section of substrate without simultaneously bending 

and curing.  The J-FIL process uses planar contact, and the imprint material is cured 

without bending.  This is ideal for materials that are more brittle once cured. 

2.3 SUMMARY 

As previously mentioned, the purpose of this research is to investigate the 

feasibility of implementing J-FIL on flexible substrates including polycarbonate which 

was the exemplary substrate chosen here.  This study begins by investigating a simplified 
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roll-to-roll system for nanopatterning a roll-type PET film using the J-FIL process. To 

further understand the feasibility of this process, greater focus was directed to the imprint 

zone of the web processing line.  A test bed was developed to model this section which 

incorporates a web tensioning module as well as an imprint module.  The test bed has the 

capability of controllably varying a number of web tension parameters as well as process 

variables in order to observe their effect on the process output.  Process metrics such as 

RLT uniformity, target RLT accuracy, feature filling and feature distortion are discussed 

to qualify the new process.  The knowledge gained from this study will then be leveraged 

in the development of a continuous R2R J-FIL process.   
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Chapter 3 Machine and Process Design 

 

Continuous web processing lines have long been used in industrial processes such 

as paper printing,  plastics processing, and sheet metal production, because they are high 

throughput and cost effective.  In general, a system of motor-driven and idle rollers 

remove the sheet material from a spool, transport the web through many tension zones 

where processing takes place and then rewind the roll for storage.  A continuous web 

processing line may consist of many stages or zones with well defined process 

parameters (tension, speed etc.) and number of processing steps.  Parameters such as web 

tension, roller alignment, web speed, and force control on any type of equipment which 

contacts the substrate are important for controlling product quality and yield. They are all 

monitored and corrected as the process flows.  In the case where nano-imprinting is to 

take place on a flexible substrate, these process parameters become even more critical.  A 

thorough understanding of these process parameters, combined with precision control and 

process uncertainty mitigation, is necessary for manufacturing at the scale and resolution 

of NIL (refer to Chapter 2 for process requirements).  The following sections describe the 

important process parameters associated with J-FIL on flexible substrates, and the 

techniques used to correct and control uncertainties within the system.     

3.1 PROCESS DESCRIPTION 

Development of a new process, such as J-FIL on a R2R machine, has many 

unknowns.  There are many examples of roll-based manufacturing, and J-FIL is also well 

understood.  However, uniting the two reveals many new questions.  The precision 

substrate surface of a wafer is now replaced with a tensioned section of film.  The film 

relies on the surface of rollers to dictate its shape.  To better understand how these 
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changes impact the J-FIL process, a simplified version of a roll-to-roll process was 

developed. 

 The first task was to identify the critical pieces of the R2R process and perform a 

study.  A simplified R2R process has three sections, which represent the most basic 

process zones in a roll-to-roll machine.  Figure 4 contains the basic representation of a 

R2R machine; (1) the unwind roll, (2) the web processing section and (3) the rewind or 

take-up section.   

This example is simplified; however it is scalable to multi-stage web transport 

processes.  The key web control principles remain the same, namely tension and position 

control of the surface to be processed.  There is significant prior research and literature on 

the dynamics and control of web transport systems for applications where much less 

precision is required [43], [44].  Therefore this study is focused on understanding how to 

effectively nanopattern an open span section of the web processing system using J-FIL. 

While there are many process variables that affect imprint performance, focus was 

directed towards effective tension control, and pressure driven surface control.  These 

variables are expected to have significant influence over the residual layer thickness and 

uniformity.  A simplified version (Figure 4a) of the open span was recreated in a static 

web tensioning device, known as the roll-to-roll test bed (RTB), to experiment with 

process variables and observe their effect on the output.  A conceptual version of the test 

bed is illustrated in Figure 4b. 
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Figure 4 Simplified schematic of the R2R concept  

The purpose of developing a test bed is to serve as an experimental station where 

(a) the web processing zone can be isolated and a basic instance of a larger roll-to-roll 

process can be run, (b) variations can be introduced controllably for parameters that are 

most likely to disrupt process performance, and (c) visual and other information can be 

gathered for the process output to understand its relation with the process parameters.  

The test bed has been realized on an existing UT-Austin experimental J-FIL tool.  On this 

tool, the chuck assembly, used for mounting rigid substrates, has been replaced with an 

assembly that can support a flex substrate under tension on roller mounts.  The test bed 

consists of two modules – a roller module (RTB) for supporting and tensioning flex 
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substrates and an imprint module housing the inkjet dispenser, UV lamps, template chuck 

and a high resolution camera.  Control schemes for the new assembly have been 

integrated to enable operation of the test bed.  In this manner, the RTB can run a basic 

instance of the R2R process on a flex substrate and also gather process output 

information.   

The imprint process consists of several steps, in the following order: 

1. The web is loaded onto the test bed, and uniform tension is applied 

2. Fluid is dispensed via inkjet onto the area to be patterned 

3. The template is lowered onto the pattern area until the resist droplets 

merge into a contiguous film, and the template relief pattern is filled 

4. UV light is irradiated onto the pattern area through the template to cure the 

resist 

5. The template separated from the resist, leaving the pattern on the substrate 

Dispensing, template movement and UV light exposure are all controlled by the 

imprint module, while the tension module controls the roller positions and web tension.  

More detail on how this is accomplished proceeds in the following section. 

3.2 CRITICAL PROCESS PARAMETERS 

The tension module is meant to statically tension a section of web so that it is able 

to be imprinted with the standard J-FIL template and process.  Ideally, the imprint surface 

of the web span is planar, like a rigid substrate.  Because the web is tensioned over two 

rollers, the web is constrained to the surface profile of each roller.  For this surface to be 

perfect, the two rollers must be parallel, as well as perfectly machined.  The ideal 

geometry of the two roller axes is presented in Figure 5.  In addition, this planar web 

surface should be perfectly parallel to the surface of the template located in the imprint 
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module.  This is not achievable in practice and geometric errors will certainly be 

introduced.  The challenge of imprinting on such a surface is in identifying and 

controlling those errors that have a significant effect on the process output quality. 

 

 

Figure 5 Ideal roller geometry 

Figure 5 depicts two dotted lines, representing the axes of the rollers, separated by 

some distance but perfectly parallel.  Tension in the web is varied by increasing or 

decreasing the distance between the two roller axes, while the web length is fixed.  The 

ends of the web are wrapped around the rollers and then clamped, therefore separation 

between the rollers will cause strain in the web.   

Another key parameter is the tilting of the substrate plane relative to the template, 

which is to be lowered down onto the substrate.   Ideally the template plane is perfectly 

parallel to the plane of the substrate surface.  For process performance similar to J-FIL on 

rigid substrates, these key geometric parameters must be well understood.  The sensitivity 

of the process to these parameters is of vital importance for further machine, and process 

development. 

During operation of the tool a section of web is statically tensioned over a pair of 

rollers.  The ends of the web are clamped to the base of the test bed.  One roller has the 

capability of moving in order to strain the web, creating a tensioned surface to imprint 

upon.  Figure 4 is a very simplified sketch of the RTB showing where the design concept 
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originated.  The primary function of the RTB is to have tension control over the web 

section. It is hypothesized that the mean web tension will have a noticeable effect on the 

imprint quality.  Preliminary fluid dynamic simulations of the J-FIL process on flexible 

substrates have shown that varying web tension affects drop spreading characteristics and 

can be correlated to the RLT uniformity and mean thickness post imprint.  RLT 

uniformity and mean value are the two measures used to determine the quality of a blank 

imprint.  The test bed is designed to have precision control of some of these variables in 

order to determine the magnitude of their effect on the imprint RLT characteristics. 

Upon further investigation of the RTB concept it was established that there are 

multiple parameters that can affect the web tension uniformity, as well as imprint plane 

definition.  These parameters must be studied in order to understand the effect each has 

on the process output.  The following sections outline the critical parameters to monitor 

and control for successful nanoimprint.   

As illustrated in Figure 6, the roller module deviates from its ideal geometric 

configuration in three ways.  This deviation can bring about variability in process output.  

While some of this deviation is introduced through manufacturing tolerances and during 

module assembly, it can also be deliberately introduced by controlled variation in (i) 

mean tension (strain), (ii) width-wise tension variation and (iii) out of plane 

displacement.  These controlled variations also are capable of correcting for unwanted 

deviations, such as manufacturing tolerances, with precision. 
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Figure 6 (a) Position and orientation errors in the roller module, (b) Tension error caused 

by non-parallelism, (c) Out of plane skew, and (d) Planar tilt of the imprint surface 

3.3 ROLL-TO-ROLL TEST BED 

The goal of the RTB design is to control the three parameters of interest 

previously mentioned; mean tension, tension variation and out of plane skew.  The 

following section breaks down the design and capability of the test bed in two sections, 

one that describes the tension module, and one that describes the imprint module.  In both 

cases, the design, and level of precision is driven by the requirements pertaining to a 

quality imprint.  For example, tension variation across the width of the web will cause a 

proportional amount of strain variation on the pattern area.  This error must be kept 

within acceptable limits for the pattern to be used in downstream processes.   

3.3.1 Tension Module 

The tensioning module of the RTB is designed to controllably position and 

tension the section of web to be imprinted by the imprint module.  In addition, the tension 

module uses vacuum and pressure zones to shape the imprint surface.  The following 
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sections discuss the control mechanisms present on the tension module in more detail, 

and how they relate to process performance. 

3.3.1.1 Mean Tension Control 

A critical aspect of the J-FIL process is drop spreading and merging.  The 

monomer material is ink-jetted onto the surface of the substrate in picoliter sized drops, 

and it is not until the template spreads the fluid that it merges with the surrounding drops 

to form a contiguous film.  Because the substrate in this case is a 125 micron thick film, 

with a Young‟s modulus of approximately 3 GPa, there is very little flexural rigidity to 

resist the pressure caused by the template being lowered onto the imprint surface.  The 

film is tensioned in order to stiffen the surface, and provide larger reaction forces to 

spread the fluid resist.  Not enough tension during imprinting could lead to incomplete 

drop spreading and merging, portions of the template being unfilled, contact to be made 

in an undesired location, separation issues, and air entrapment.  Too much tension can 

distort the desired pattern beyond acceptable limits, damage the web, and even cause 

wrinkling/buckling in the web.  Therefore, control over mean tension is critical for 

process performance. Control is applied by increasing or decreasing the distance between 

two rollers.  The web ends are clamped (as shown in Figure 20) and a motor driven lead 

screw is used to pull on one roller assembly while the opposite roller is fixed.    The 

hybrid stepper motor and lead screw combination allow for linear travel resolution down 

to the sub-micron range, which allows for high resolution strain control.  For example, a 

1% strain in a 175 mm span of web would result in a change in length of 1.75 mm.  The 

hybrid stepper motor used for mean tension actuation has a resolution of 1.5 μm/step, 

which allows for precision tension control.    
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3.3.1.2 Width-wise Tension Variation Control 

A major concern with a web/roller system is the tension uniformity across the 

width-wise direction (along the roller).  Mean tension control addresses tension in the 

span-, or length-wise direction but also of great importance is how uniformly the web is 

tensioned in the cross-machine direction, which is orthogonal to the span-wise direction.  

This tension field depends on many parameters, some of which can be controlled and 

others such as roller geometry are constant parameters of the design.   

It was necessary to design a linkage to provide the degrees of freedom necessary 

for the roller to equally tension the web in the width-wise direction (represented by ε in 

Figure 6).  This degree of freedom also provides the ability to intentionally distort the 

tension during imprint to characterize its effect on the process output.  Figure 7 illustrates 

the stress field in the presence of uneven tension on a web.  This variation is depicted as 

linear; however in reality this tension variation may have local disturbances.  Because the 

tension is measured with load cells on either end of the roller, the tension variation could 

only be approximated as linear.  The magnitude of linear tension variation is much larger 

than that of local tension variations; therefore this assumption is not unreasonable.  

Preliminary results suggested that local tension non-uniformities only disturb the strain 

field in a localized area near the roller.  The imprint area of the substrate surface is 

located far enough away from these disturbances that it becomes somewhat isolated from 

these effects. 

Flexural Linkage Design 

The motion requirements of the roller, needed to correct for linear tension 

distributions, or intentionally cause tension distributions, called for a mechanism that 

would allow for the desired degrees of freedom while denying the others.  The roller must 

translate in the span-wise direction, for mean tension control, while also rotating about an 
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out of plane axis for width-wise tension distribution.  A four bar mechanism was chosen 

to constrain the rotation of the roller about its vertical axis, as shown In Figure 7.  A 

flexural linkage design was chosen over a pin-joint linkage for several reasons; (i) a 

flexural linkage can be machined very precisely from one piece of metal, (ii) precise 

geometry is critical to the effectiveness of this design, and (iii) a low profile flexural 

linkage is relatively simple to design.  With fewer moving parts, the flexural linkage also 

generates fewer particles. 

The required precision of this mechanism was derived from the nanoimprint 

process requirements.  For example, tension variation in the width-wise direction causes a 

proportional amount of strain variation to the patterned area of the web.  If a square 

pattern of features was stretched at one end 10% more than the other end, it would likely 

be useless for subsequent patterning, leading to no yield from the process.  Depending 

upon the application type (such as IC‟s or patterned magnetic media) there are associated 

overlay and alignment limits, and to address some of the more demanding nanopatterning 

applications, precision control of the tension variation (~ 1% or lesser strain variation 

across the width direction) is necessary.  The flexural linkage coupled with precision 

stepper motors provides high repeatability and precise motion control of the roller.   

Tension variations, represented in Figure 7 as a stress field, can introduce 

unwanted pattern distortion.  The imprint area shown in red will also be affected by the 

stress variation, which may cause the pattern to deform.  This strain must be controlled so 

as to not cause failure of the pattern during separation, or be pronounced enough that the 

pattern overlay and alignment is beyond what would be considered acceptable.  This 

uneven tensioning can be caused by non-parallel rollers, as well as web loading errors.  

Correcting for this problem requires that the movable roller be able to rotate as well as 

translate (for mean tension control).   



 41 

 

 

Figure 7 Linear tension variation in the cross-machine direction 

A four bar mechanism was chosen for its ability to control the axis of rotation of 

the moveable roller, which becomes important when trying to avoid any sway, or lateral 

displacement, of the roller when the tension is equalized (Figure 8a).  Sway could cause 

unwanted shear forces in the web, which could lead to pattern distortion or even 

contribute to wrinkling.  To accomplish this, the center of rotation must be located at the 

center of the roller as depicted in Figure 8.  Because the roller must be moveable, to 

strain the web, a fixed pivot joint cannot be located on the desired center of rotation.  

Therefore, a linkage with a remote center of compliance is utilized to allow the desired 

motion of the roller while controlling the tension variation.  A flexural four bar linkage 

was chosen for this task.  The instantaneous center of rotation of the coupler link (the link 

connected to the roller) with respect to the ground link (the link being controlled by the 

mean tension actuator) lies in the center of the roller. This center of rotation allows the 

roller to rotate as desired, while being held on the rod ends.  The roller can only rotate 

  

F1 

F2 

 

Tension 
Variation 

 

Imprint area 

F1>F2 



 42 

about this point, whether the linkage is passively allowing the tension to equalize, or if 

the linkage is being intentionally offset to produce a varying stress field.   

 

Figure 8 (A) Incorrect center of rotation causes 'sway' (B) A flexural linkage with a 

remote center of compliance 

The flexural four bar mechanism was designed with a 60 degree angle between 

the two joint axes lines, shown in Figure 8 with black lines.  The red dots located at the 

intersection of the blue linkage lines indicate where the flexural joints are located.  The 

layout was created based on the amount of space available, however further analysis was 

used to create the flexure-joint geometry. 

Flexural Linkage Analysis 

The type of analysis needed to predict the stiffness and deflection of each joint is 

a work-energy relation.  This analysis must be done in order to pick a correctly sized 

actuator, and to predict the range of motion that the linkage is capable of adjusting for.  
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For a remote-center type four-bar linkage, the individual joints will not all move at the 

same rate. One way the relationship between the overall stiffness of the four-bar and the 

individual joint stiffness‟s can be found is with an energy balance. The individual joint 

stiffness‟s need not be equal, in fact, there may be an advantage to having different joint 

stiffness‟s e.g. to reduce the maximum stress or to increase the stiffness in a direction in 

which the joint should be stiff.   

 

Figure 9 Flexural linkage kinematic diagram 

 

The energy balance is as follows: 

       
 

 
     

 
 (

1) 

Where, 

M=the moment applied at the center of rotation, [Nm] 

  =the individual joint stiffness‟s, [Nm/rad] 

  =the rotational deflection of each flexural joint, [rad] 
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  =the rotational deflection of the center of rotation, [rad] 

The sum of the energy dissipated in each flexural joint is equal to the work done 

at the remote center of rotation.  From this equation a total effective rotational stiffness 

(K) can be defined at the point of rotation, once the change in angle of each joint is 

represented as a function of the change in the center of rotation. The equation reduces to: 

          
 
 (2) 

Dividing through by  θ5 and taking K to the other side leaves an expression 

relating the effective stiffness to the amount of rotation at the remote center of 

compliance: 

     
 

 
 (3) 

For this analysis, the value of the moment acting upon the center of compliance is 

assumed to be known due to some force imbalance acting on the roller.  This torque is 

due to web tension variation, and can be measured using the load cells located between 

the flexural linkage and the roller.  The value of the stiffness (K) can be found by relating 

each relative joint velocity to the center of compliance rotational velocity 

       kinematically. 
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 (7) 

This analysis is valid only for small displacements from the current position, or 

equivalently the velocity relations are only valid over an infinitesimally small time 

interval.  The small displacement assumption allows the following simplification, 
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Using the results of equation (9), equations (4)-(7) simplify to: 
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Equations (10)-(13) are then substituted into equation (1), and the summation is 

shown below: 

 

 

 
    

     
  

 
  
  
 
 

    
     

  
 
  
  
 
 

 
    

 

   
 
    

 

   
    

 
 (14) 

The expression inside the curly brackets is the effective stiffness of the flexural 

linkage about the center of compliance, taking into account the fact that each joint may be 

more or less stiff, and that all joints do not move the same amount.  In this case, all 
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flexures have the same geometry, as shown in Figure 10.  Therefore         , and    in 

equation (14) are all equivalent.  The torsional spring constant for a flexural joint with 

two semicircular notches was first derived by Paros and Weissbord [45] and is 

approximated as follows: 

    
    

 
  

    
 (15) 

The values of b, t and R correspond to the joint variables shown in figure 7 below. 

 

 
 

Figure 10 Flexural hinge joint geometry  

Table 4 contains values used for geometric parameters in this analysis.  Inserting 

the numbers given in Table 4 into their appropriate places in equation (14) and solving 

for the effective stiffness of the flexural linkage yields a value of 35.32 Nm/rad.  When 

compared to the torsional stiffness of one single flexural hinge (6.52 Nm/rad) it is easily 

seen that the total stiffness is not related to the individual stiffness by a simple factor of 4. 
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Table 4 Flexural linkage geometry variables 

Variable [mm] Variable [mm] Variable [mm] 

   77.9    30.0 b 10.0 

   30.0    47.9 t 0.5 

   47.9    47.9 R 1.8 

 

An intuitive analysis of the linkage may lead to the assumption that that all four 

joints are deflected equally, in parallel, but a work-energy analysis reveals that a more 

complicated relationship between the motions of each joint and the motion of the center 

of compliance exists.  Figure 11 depicts the deflection of each joint as a function of 

center of compliance deflection (labeled    ).  The symmetric behavior of each flexural 

hinge is expected because the model is linearized using a small angle displacement 

assumption.  In addition, the stresses due to deflection are designed to fall within the 

linear elastic region of the stress vs. strain curve of the aluminum material used.  This 

ensures that the mechanism is repeatable and will not fail due to fatigue. 

 

Figure 11 Flexural joint deflections vs. input rotation 
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The ability to calculate the flexural stiffness of the individual joints, as well as the 

total equivalent stiffness, aided in the linkage design process.  The goal of the design was 

to create a mechanism that would not fail under loading but at the same time was 

sensitive enough to passively correct for slight tension distributions.  The design goal of 

the mechanism was to be as soft in a torsional sense as possible while maintaining the 

strength to survive the required mean tension loading.  Finite element analysis was used 

to verify that the stress concentration was within tolerable limits for continued use. 

 

 

Figure 12 Flexural linkage CAD model 

The flexural linkage serves two primary purposes, (i) constrain the motion of the 

roller assembly, as discussed earlier, and (ii) deliver a desired mean tension force from an 

actuator to the roller.   Mean tension actuation is accomplished by a hybrid stepper motor 

and lead screw (see Figure 12).  The hybrid stepper motor differs from a traditional 
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stepper motor/lead screw combination because the lead nut is integrated into the motor 

itself.  This allows the lead screw to translate without rotating.  The advantage to this 

style of motor is that the lead screw can be threaded directly into the flexural linkage, 

thus simplifying the design.  The hybrid stepper motor can provide up to 50 lbf of 

actuation force directly to the base link of the flexural linkage.  The base link of the 

flexural mechanism is fixed to two crossed roller linear guides to fix the height of the 

linkage as well as limit any lateral motion caused by actuation.   

Web Stress/Strain  

The web tensioning module design process began with the target substrate 

material, and size, and then propagated through the mechanical design.  The equivalent 

stiffness of the web and the desired range of strain were calculated based on the material 

properties, cross sectional area, and length of the web.  For the process to be successful, 

the web must be tensioned to a controlled amount, stiffening the imprint surface enough 

to admit drop spreading under template pressure.  Using 125 micron thick PET film as 

the reference, the module was designed to stretch a 175mm wide section of web to about 

0.1-0.5% strain in the span direction.  This value was determined to be about 10% of the 

yield stress of the material, which safely keeps the web material in the linear elastic 

region of its stress vs. strain curve, while also allowing visco-elastic effects to be ignored.   

The force necessary to sufficiently stretch the web will vary with the web width, 

span length, modulus of elasticity and film thickness.  The RTB was designed to 

encompass a range of web materials and geometries.  To examine the force and motion 

requirements further, a simple stiffness model is analyzed.  The figure below illustrates 

one important consideration in designing the actuator load capacity and stroke, which is 

that the actuation force is double the force straining the span section. This is because the 

web wraps around the roller. Each span acts as a spring, and the total length of the web is 
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affected by strain.  This must be kept in mind when designing the actuation system based 

on desired stress and strain values in the top span, upon which the imprinting takes place. 

 

Figure 13 Stiffness model of web 

The web is tensioned over the rollers with a wrap angle of 180 degrees.  Because 

the roller is supported on bearings, any strain developed on one section of the web is 

immediately felt in the other two portions of the web.  In belt mechanics this is known as 

strain transport.  Figure 14 below shows the free body diagram of one roller, seen along 

the axis of rotation.  The roller and web act like a rope and pulley system, without slip on 

the roller.  A force balance reveals that the actuation force, F, is actually twice the 

amount of the tension force felt in the span section of the web, because      .  This 

assumption holds because the bearings used are low friction, and the web is static during 

operation. 

 

Figure 14 Free body diagram of a roller 

To begin designing an actuation system for this application, several parameters 

must be determined.  The motion limits of the actuator, along with load capacity, must be 
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sized to encompass the desired operating state of the web.  To determine the force and 

motion requirements of the mechanism, the desired stress and strain on the web span 

were chosen.   

Table 5 Web stress and strain calculations 

Web Width [m] x Web Thickness [m] = Area [m^2] 

0.08 x 1.25E-04 = 1.00E-05 

     

Force [N] / Area [m^2] = Stress [Pa] 

1.00E+02 / 1.00E-05 = 1.00E+07 

7.50E+01 / 1.00E-05 = 7.50E+06 

5.00E+01 / 1.00E-05 = 5.00E+06 

     

Stress [Pa] / Modulus [Pa] = Strain 

1.00E+07 / 3.00E+09 = 3.33E-03 

7.50E+06 / 3.00E+09 = 2.50E-03 

5.00E+06 / 3.00E+09 = 1.67E-03 

     

Strain x Lo (span) [m] = ΔL [m] 

3.33E-03 x 0.1524 = 5.08E-04 

2.50E-03 x 0.1524 = 3.81E-04 

1.67E-03 x 0.298 = 4.97E-04 

 

Table 5 shows sample calculations of stress, strain and elongation used in the 

design of the actuation system for three different actuation loads.  The stress applied on 

the web in these calculations is roughly 10% of the yield strength of the material, which 

is about 75MPa.  This value of 10% keeps the web operating in the linear elastic region.   

The actuator, in this design must have a minimum travel of 0.5mm according to 

the calculations in Table 5.  Much more displacement may be needed to remove slack 

when the web is being loaded manually, therefore several millimeters of travel will be 

required of the actuator.  The actuation force requirement was derived in a similar 

manner.  Given the web size and stiffness previously mentioned, and to strain the web by 
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1% of its initial length, the actuation force required would be 300 N.  The stepper motor 

used can provide 250 N of force, which somewhat limits the range of strain that can be 

applied to a web of this width and thickness.  In order to achieve higher levels of strain, 

narrower sections of web will be used. 

Web Surface Control 

A section of web stretched over two rollers behaves like a combination of an 

elastic plate and a tensioned string.  The web has some flexural stiffness, but the amount 

of tension acting on the web plays a much larger role in determining how much the web 

will sag between the two supported ends.  The web will deflect under its own weight to 

some degree regardless of how much tension it is subjected to.  Determining how much 

the web sags under normal process circumstances is an important question to be 

answered in this analysis.  For the purpose of nanoimprinting, the surface must be flat to 

within nanometers (polished wafers are ~30 nm in field) for the resulting pattern to be 

usable.  The imprinting process can be negatively affected if the curvature and/or slope of 

the web become too large. 

During imprinting, the patterned template is exposed to back pressure while the 

rim of the template is held fixed.  This causes the template to bow outward, causing 

deflection on the order of 20 microns over a span of 54 mm.  The first feasibility check is 

to ensure that the radius of curvature of the template is smaller than that of the web span.  

A second feasibility check is to determine where the most severe slope is on the surface 

of the web, and determine whether the imprint module has the motion range to 

accommodate this error.   

First, a model must be developed to analyze the effect that tension and flexural 

stiffness have on a length of web supported on both ends.  In a one-dimensional 
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geometry, the equation relating the deflection of a plate under pressure q(x), with uniform 

cross section, reduces to the following: 

  
   

   
      (16) 

Where,   
   

        
 (17) 

 Likewise, the equation for the deflection of a vibrating string under tension 

simplifies to the following, once the time varying terms are dropped.  The result is: 

   
   

   
   (18) 

Combining the effects of flexural stiffness and tension into one equation is 

possible by linear superposition.  Therefore, combining equations (1) and (3) yield: 

  
   

   
  

   

   
      (19) 

The loading term, q(x), is the distributed load along the length of the web, whose 

units are in 
 

  .  Therefore, the other two terms in the equation also are expressions of 

pressure.  The solution to equation 4, which relates the web deflection as a function of 

position along the span length, is then: 
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To solve this equation for the deflection as a function of position, boundary 

conditions must be used.  Because the web is wrapped around each roller, it must be 

tangential to the top surface of the roller at both ends.  Effectively this constrains the 

translation of the web as well as the slope of the web.  Therefore, for a span length of „L‟ 

the boundary conditions are: 
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The resulting expressions for web deflection and slope with the previous 

boundary conditions imposed yield four equations with four unknowns: 
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These four equations can be solved linearly for the unknown values of 
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  (25) 

 

With the unknown coefficients now found, the equation for web deflection vs. 

tension- for a constant web span, cross section and flexural stiffness- is complete. 

A finite element analysis was also conducted for the exact same loading situation 

to provide verification that the model is correct.  Once the analytical model is validated 
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using the computational model, it can be used to model many different loading situations 

with better efficiency than running each in a finite element program.   

 

Figure 15 Analytical model vs. finite element model of deflection 

Figure 15 displays the two models of the web span under identical loading 

situations.  The analytical model agrees very closely with the finite element results.  

Therefore, this validated model can be used to predict the deflection for a range of 

loading situations.  Figure 16 plots the sensitivity of web deflection to increases in 

tension.  Clearly, the web deflection drops dramatically with an increase in tension up to 

about 200N/m.  After that, reducing the deflection comes at a high cost of actuation force.  

The sag deflection dies off asymptotically as tension increases, but never reaches zero. 
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Figure 16 Web deflection vs. tension-per-unit-width 

The J-FIL process utilizes a 65mm by 65mm template which is held around its 

perimeter using vacuum force.  The chuck assembly which holds the template makes the 

potential web contacting area even larger.  Ideally only the imprint field area of 26x32 or 

25x25 mm2 will touch the web, however if the web is sagging in the middle the edges 

may contact first.  This creates difficulty when imprinting, because an imprint field may 

be slightly below the plane of the rollers, due to web sag.  If this is the case, the large 

planar template face may contact the web in unwanted areas outside of the pattern area.  

Therefore, in addition to controlling the web surface using roller geometry, as discussed 

previously, back pressure on the web span will be used to counteract the effects of sag.  

Using back pressure to control the web surface shape will be discussed further in the next 

section. 

 

0 200 400 600 800 1000 1200 1400
-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

Tension Per Unit Width [N/m]

M
a
x
im

u
m

 D
e
fl
e
c
ti
o
n
 [

m
m

]



 57 

Imprint Surface Control 

The web sag study of the previous section concluded that for a section of web 

stretched over two rollers there will always be some amount of deflection under its own 

weight.  Essentially this means that the planar template face must make contact with a 

concave web surface, as illustrated in Figure 17.  Under normal J-FIL circumstances, the 

substrate is an extremely flat wafer held by a precision chuck.  The template itself is 

pressurized from the back side to cause the pattern area to bow out slightly.  This enables 

the template to initiate contact with the wafer, and resist, at a point and then spread 

outwards.  However on flexible substrates the amount of bow due to back pressure is not 

enough to compensate for the web sag effect.  For this reason, using back pressure to 

create positive curvature on the flexible substrate side was pursued.  

 

 

Figure 17 Contact at unwanted points due to web sag 

The goal of pressurizing the backside of the web is to create curvature above the 

roller-plane, so that the template can make contact at one desired point.  This is critical 

for the imprint process to be repeatable, and to avoid air bubbles getting trapped.  To 
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accomplish this, a pressure puck was designed to sit just below the tensioned section of 

web.  The puck has an outer vacuum ring, which acts to seal the web onto the puck.  The 

inner area of the ring is then pressurized to bow the web outward.  The shape of the 

pressurized web depends on the shape of the vacuum region.  The following figure 

displays the pressure puck design as well as a simulation of the web shape after 

pressurization of 5kPa. 

 

 

Figure 18 Back pressure puck and resulting web shape 

The shape of the back pressure bubble has a major and minor axis corresponding 

to the shape of the vacuum region.  Vacuum and pressure sources were utilized that 

measure approximately -75kPa and 5kPa respectively.  The web material comes with a 

protective layer adhered to both sides of the substrate.  This helped to protect the film 
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from being scratched by the metal surface of the pressure puck.  The protective coating 

also improved the vacuum seal on the outer region of the puck.   

The height of the bubble is dependent upon the size and shape of the vacuum and 

pressure region, but also on the applied pressures themselves.  The vacuum region was 

kept at full vacuum pressure, to seal off the positive pressure region as well as possible 

and avoid a loss of seal.  The positive pressure region was controllably reduced until a 

desirable bubble size was reached.  Height constraints within the imprint module 

determined the bubble size limitations.  

The web material also plays a large role in determining the height of the bubble.   

Leakage from the positive pressure region to the negative pressure region reduces the 

total achievable pressure applied to the web. The rate at which the air leaks from one 

zone to another is small compared to the flow rates of the vacuum and pressure sources; 

therefore a pressure difference is sustained.   

Finite element methods were used to predict the height of the back pressure 

deflection.  This information is useful during the design process, especially under the 

strict height constraints present in the RTB.  Leakage flow from the pressure region to the 

vacuum region resulted in an inaccurate computational model.  However, the exact values 

of web curvature and bubble height are not as important as is the repeatability of the 

process.  For experimental purposes, it is critical that under the same circumstances of 

pressure, the bubble formation is repeatable.  To verify that this is true, optical 

displacement measurements were taken at an array of points across the bubble using a 

confocal sensor.  The web surface control was repeatable on a run-to-run basis, and the 

results of the surface measurements will be discussed in chapter 4.  

Out-of-Plane Skew 
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Out-of-plane displacement of the web is a huge concern for the J-FIL process, 

given that the RLT uniformity will vary with imprint pressure, which will be affected by 

distortions on the imprint surface.  Several factors can contribute to out-of-plane 

distortions, such as (i) wrinkling/buckling due to tension variations, (ii) shear stresses 

caused by web loading alignment errors and (iii) loading the web with mean tension 

beyond the critical buckling limit.  However, it is unlikely that the critical buckling limit 

will be reached for this type of application due to the strain limits imposed by the pattern 

distortion limits.  Hand loading the web is the primary source of stress variation, but 

preliminary results show this effect to be minimal.  The 125 micron thick web possesses 

enough flexural rigidity to eliminate high frequency distortions. 

The previous examples of out-of-plane distortion assume that the RTB 

mechanism is perfectly assembled, meaning the two roller surfaces are perfectly parallel 

and lie on the same flat plane.  The imprint plane is defined by the line of contact where 

the web is tangent to the roller surface.  These two lines of contact over-define the 

imprint plane.  A plane is defined by either (i) three non-collinear points in space, or (ii) a 

line and a point in space not on the line.  In this case, since there are two lines that 

determine the imprint plane, the lines must be made as close to planar as possible by 

varying the out of plane angle α (see Figure 6).  This problem is addressed with the cam-

follower mechanism shown below in Figure 19. 
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Figure 19 Out-of-plane compensation 

A flexural joint is located on one end of the roller, labeled „pivot point‟, and a 

cam mechanism is driven by a harmonic drive motor and measured by a linear encoder 

(shown in red).  Machining tolerances and the assembly condition of the roller mounts 

cause the rollers to deviate from lying on a perfect plane.  To compensate for this the 

entire assembly was measured with an optical coordinate measuring machine and 

adjusted until measurement points across the roller were co-planar.  This correction is in 

response to manufacturing errors, which do not change during the imprint process, and 

can be done offline before the system is integrated into the imprint module. 

Non-parallelism between the substrate plane on the tension module and the 

template plane on the imprint module is known as planar tilt, see Figure 8.  The errors 

associated with the roll, pitch and yaw between these two planes can have a negative 

impact on the process output.  This problem is addressed with the same method of 

correction used with rigid substrates.  The imprint module has the three degrees of 

freedom necessary to correct the roll, pitch and yaw of the template with a center of 

rotation for all three axes located in the center of the template pattern.  This rotation 

origin eliminates any translation between the template and the wafer which could shear 

pattern features during separation. 
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The imprint module, also known as the „z-head‟, senses the reaction forces 

between the template and the imprint surface, and automatically balances the forces.  

This creates uniform imprint pressure, which is critical in forming a uniform RLT 

imprint.  On a flexible substrate the reaction forces will be much lower, causing the z-

head to be much less sensitive.  However, this problem is drastically reduced when using 

a flexible substrate under back pressure.  When the template contacts the web, the bubble 

is flattened and compressed, causing a reaction force.  The web material has relatively 

little flexural rigidity, which allows the back pressure to distribute evenly across the 

contact patch.  This self-correcting ability compensates for the reduction in force leveling 

capability.  

 

 

Figure 20 Tension module mechanism CAD model (pressure puck removed) 
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3.3.2 Tension Module Summary 

Quite a bit of effort was spent in designing the tension module in such a way that 

critical web processing characteristics, such as web tension control and imprint surface 

control, are achievable.  The following table illustrates several of these important 

parameters and how they have been addressed on the RTB. 

Table 6 Critical process parameters and the corresponding control method within the 

tension module 

Critical Process Parameter Control Method 

Mean Tension Stepper Motor/Lead Screw 

Tension Variation Flexural Linkage 

Out-of-Plane Skew Flex-Joint/Cam Mechanism 

Planar Tilt Template Tilt Control 

Imprint Surface Control Back Pressure Puck 

 

Each critical process parameter is directly addressed in an element of the tension 

module design.  The combination of these methods allows a section of web to be 

controllably tensioned, and positioned such that imprinting can be successful.  Process 

parameters such as drop volume, template force, etc. are controlled by the imprint 

module, which will be discussed further in the next section. 

3.3.3 Imprint Module 

Technology developed at Molecular Imprints Inc. and the Controlled Molecular 

Manufacturing Lab at UT Austin for the J-FIL process was leveraged in this research to 

implement a flexible substrate solution.  The imprint module is an existing research tool 

for experimental work on the J-FIL process.  It is a step and repeat tool which is capable 

of precision x and y alignment as well as template plane leveling.   
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The module consists of a multi-jet dispense head, x-y stage, z-head, template 

chuck and UV exposure system. Figure 22 is an illustration of the key components of the 

J-FIL stepper with the tension module installed.  The imprint process consists of four 

primary steps: 1) resist dispense, 2) void-free fluid filling (patterning), 3) UV exposure 

and 4) separation.  Each step will be discussed in more detail.  

The imprint module controls process parameters like drop volume, spread time, 

imprint and separation forces with high precision. The capability to vary these imprint 

process parameters allows the imprint process to be finely tuned, and extremely 

repeatable.  Each step of the imprint process, listed above, will be discussed in more 

detail. 

3.3.3.1 Dispense 

The tension module, or wafer chuck, is mounted to the x-y stage for precision 

control of the substrate position.  The x-y stage is a crossed-roller linear guide with built 

in linear motors and precision encoders.  In addition to very accurate x and y motion, the 

stage constrains the tension module motion very precisely in the z direction.  The tension 

module is synchronously moved under the inkjet head while material is dispensed.  The 

dispensed area is then positioned directly under the template, lining up with the pattern 

area.   

3.3.3.2 Pattern 

The template is lowered onto the substrate by the z-head, which is a template 

chuck connected to a rigid frame through a series of actuators.  Voice coil actuators 

control the template motion in the z direction, as well as the roll and pitch of the 

template, with respect to the substrate surface, for coarse template leveling prior to 



 65 

imprint.  The voice coil actuators sense force imbalances during imprint and correct 

accordingly.   

One difficult aspect of this J-FIL process is applying even pressure over a 

relatively large area (~ cm2) between the wafer or web surface and the template surface.  

Even pressure allows for a uniform thickness fluid layer to form, which is a critical 

performance criterion for a successful process.  For this reason, the J-FIL tools employ a 

flexure based system to correct for non-parallel surfaces.  The center of rotation of the 

template is remotely located at the center of the pattern to avoid any lateral motion.  In a 

normal wafer process, a silicon wafer is held via vacuum force to a wafer chuck, which is 

a precision reference surface.  The reaction forces between the template and the substrate 

surface deflect the mechanism until the template and substrate are oriented correctly.  

However, this system of correction is much less effective with the use of a flexible 

substrate since there will be much lower reaction forces generated when the template is 

brought into contact. This has been overcome using back pressure on the substrate side, 

as mentioned previously. 

Alignment is done while the resist material is in the fluid phase, where it can act 

as a lubricant between the template and wafer.  Small x, y and magnification changes can 

be made to ensure precision alignment and overlay tolerance are met on multi-layer 

imprints.  This process takes place in parallel with the fluid filling process, thus reducing 

total process time. 

To ensure the fluid fills the template relief pattern without trapping air, the 

template is pressurized from the back side to make it bow outward slightly.  However 

when the RTB is used, this feature is not utilized in favor of using back pressure on the 

flexible substrate.  The curvature of the substrate, or template, causes the fluid to begin 

merging in the center of the pattern first and the spreading outward.  This forces the air 
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out from between the substrate and template, allowing for full pattern filling.  Once the 

dynamic portion of the fluid spreading has finished, a fixed amount of static spread time 

is allowed so that the fluid can fully re-distribute and promote more uniform residual 

layer thicknesses. 

 

 

Figure 21 A schematic illustrating the nature of the resist spreading pattern resulting from 

substrate back pressure, as viewed through the back of the template. 

3.3.3.3 UV Expose 

Once the fluid spreading is complete, a UV light source irradiates the resist 

through the glass template.  This causes cross-linking in the polymer resist material, 

causing it to become solid.  The exposure dose and time depend on the resist material and 

layer thickness.  The imprint module utilizes a UV lamp which is positioned to shine 

through the template directly onto the patterned area. 
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3.3.3.4 Separation 

Once the resist is cured, the pattern is hardened and bonded to the surface of the 

substrate.  Avoiding pattern deformation during the separation step requires some 

sophistication on the part of the z-head.  Separation is initiated on the perimeter of the 

pattern through a combination of template back pressure and the z-head retracting in the 

positive z-direction.  The separation front moves inward toward the center of the 

patterned area until the entire pattern has released.  The z-head restricts the motion of the 

template to the z direction only, which keeps features from shearing.  The surface of the 

template has much lower surface energy compared to that of the substrate, which allows 

the polymer to preferentially adhere to the substrate.   

Integration of the Tension Module with the Imprint Module 

The tension module integrates into the imprint module in the same way the wafer 

chuck would under normal circumstances.  The test bed is mounted directly to the x-y 

stage, and was designed with approximately the same clearance between the imprint 

surface of the web and the template chuck assembly.  Figure 22 depicts the arrangement 

of the major components of the RTB.   
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Figure 22 Integration of roller module into the imprint module for RTB 

3.4 SUMMARY 

The roll-to-roll test bed, composed of an imprint module and a tension module, 

enables the use of the J-FIL process on flexible substrates.  Its purpose is to control a 

variety of process parameters critical to the output process quality.  The machine has the 

capability to correct for errors in these variables, as well as intentionally disturb the 

system, with the goal of understanding the process‟ capability and sensitivity on flexible 

substrates.  The previous sections discuss the methods utilized to control the web surface 

shape and tension characteristics for further experimental testing.   
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Chapter 4 System and Process Experimentation 

The previous chapter discussed the process of performing J-FIL on flexible 

substrates as well as the design of a test bed that enables precision experimentation to 

take place.  The goal of the test bed design is to represent the critical section of a 

continuous roll-to-roll J-FIL machine, the imprint zone, with precision control of critical 

process variables.  Experimentation with this device is meant to identify and address any 

feasibility issues with the overall process, as well as provide an estimate of performance 

with regards to residual layer thickness control.  A factorial design of experiments was 

utilized to model the performance of the process over a range of design variables, and to 

tune these control variables in an efficient manner.   

4.1 DESIGN OF EXPERIMENTS 

The goal of a designed set of experiments is to formulate an empirical model of a 

process where no direct mathematical one exists.  Instead, input variables are chosen, the 

corresponding output is observed, and a relation between the two is established.  This 

relation then is a tool to estimate the process performance over a much larger input 

variable set, rather than only the specific values that were explicitly tested.  A two-level 

design, with three input variables, is utilized in this experimental process.  A 2
3
 (two-to-

the-third) design was chosen for this experiment based on its relatively simple analysis 

and insightful conclusions.  A two-level design is the logical first step in understanding 

the response of an unknown system.  The design of experiments (DOE) procedure, as 

described in Otto and Wood [46], is made up of five steps: 1) choosing model variables, 

2) establishing variable targets and boundaries, 3) developing the experimental plan, 4) 

conducting the required number of test sets and 5) analysis of the gathered data.  A 

factorial design of experiments (DOE) is valuable where „screening experiments‟ should 
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be performed to identify the important process or system variables. The following section 

will discuss these steps in further detail as they are applied to this application. 

 

4.1.1 Model Variables 

Model Variables include quantities such as controlled input parameters, output 

performance metrics, and uncontrolled factors such as experimental noise and/or 

disturbances.  A basic model of a process relates the input and output quantities, and 

should not be significantly affected by noise.  The choice of input and output variables 

depends on the specifics of the process to be modeled.  A set of controlled input variables 

should be chosen such that they are significant with respect to the process output.  

Generally these variables are chosen from a much larger set of possible parameters.  At 

least one quantifiable performance metric must also be established to evaluate each 

experimental configuration.  The experiment itself should be designed such that the 

process is not heavily affected by noise, which would effectively reduce the repeatability 

of the process.  Figure 23 illustrates the „black box‟ model of an experimental process. 

 

 

Figure 23 Black box model representation of an experimental process, where;      is the 

control input,      is any disturbances,      is noise in the system and      is the output. 
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A two-level factorial experimental design makes use of a high and low value for 

each design variable in order to establish a general trend between inputs and outputs.  

While this method of experimentation may not be able to truly optimize a given 

parameter set (which would require at least 3 data points for each parameter), it can 

reveal the direction each parameter should move (increase or decrease) for improved 

results.  The amount of effect or influence that a one parameter has on the process output 

is known as the „main effect‟.  „Interactions‟ are the combined effect of varying two, or 

even all three variables, on the process output.  These compound effects are also 

observable using the two-level design.  Trends in the output data reveal, very clearly, 

which combination of variable levels yields the best performing process, and in what 

direction each parameter should be changed for further improvement.   

The imprint module of the test bed is a proven piece of technology used to 

reliably imprint nanoscale patterns on wafers, thus it is not likely to introduce a large 

amount of noise into the experimental data. The tension module statically tensions and 

pressurizes the substrate.  Once the transient effects of the application of back pressure 

die out, the system becomes steady-state.  Noise may enter the experiment through 

parameter variation, material inconsistencies, particle contamination, etc. however 

dynamic effects contributed by the tension module will not contribute.  With reasonable 

confidence in the machine‟s ability to pattern in a repeatable manner, the focus can shift 

to the choice of design variables.   

There are many controlled parameters in the experimental process which have an 

effect on the quality of the imprint.  All controlled input variables are valid choices to 

investigate, however, for the sake of efficiency the most influential parameters are 

considered first.  Many of the input parameters are coupled to one another, such as the 

relationship between web tension, thickness (as it relates to flexural rigidity), and back 



 72 

pressure.  All three parameters affect the shape of the imprint surface.  If the imprint 

surface shape, or curvature, constituted a variable of interest, all three of the previously 

mentioned variables, and possibly others, would need to be controlled in order to 

prescribe a web surface shape.  This would prove to be very difficult.  Instead, the web 

surface shape is held constant, and control variables are chosen that are less coupled, and 

therefore more intuitive.   

4.1.2 Design Variables 

The choice of control variables should include the most significant or most 

sensitive variables.  It is difficult to predict which parameters will have the most impact, 

which is why familiarity with the system and preliminary testing are done prior to a DOE.  

In this case, the factorial design of experiments was utilized as a systematic method of 

improving the process when tuning based on intuition was not economical.  Preliminary 

experimentation suggested that the drop volume and drop pitch significantly impact the 

quality of the imprint.  The embodiment of the prototype has inherently limited the 

infinite number of possible design variables to those achievable on the given hardware.   

Drop pitch, the first design variable, controls how the imprint material is initially 

deposited.  More specifically, drop pitch prescribes the area the resist must spread equally 

over in order to form a uniformly thick film. The imprint module has discrete values for 

drop pitch based on the pitch of the nozzles on the inkjet head.  A denser drop pitch, such 

as when every other nozzle is active, will create a thicker imprint fluid layer than a 

sparser drop pitch, such as when every third nozzle is used.  The fluid layer thickness can 

also be increased by dispensing a larger volume per drop.  However, to create the same 

fluid layer thickness using larger drops, the drop spacing would have to be increased.  
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Each drop would then have to redistribute over a larger area, which could take much 

longer than using smaller, more frequent drops.   

The second control variable was chosen based on preliminary test patterns of 

blank imprints on flexible substrates.  The highly flexible web material, relative to the 

imprint template, does not compress and redistribute the imprint material as quickly as it 

would if it were compressed between a rigid template and wafer.  Therefore the time 

needed for the liquid to distribute evenly is longer, depending on the curvature of the 

imprint surface of the web.  The „static‟ spread time, as opposed to dynamic spread time, 

refers to the length of time the fluid is left to redistribute under pressure applied by the 

template on the substrate.  Once the fluid droplets merge, forming a contiguous film, the 

static portion of the fluid redistribution begins.  The dynamic portion of spread time 

refers to the fluid merging time span.  Determining the optimal static spread time within 

reasonable cycle times was therefore taken to be the second variable in the factorial 

experiment.   

The third control variable chosen was the template lowering speed.  As the 

template is lowered it begins to make contact with the bowed-out web covered with 

droplets of resist material.  Because the substrate has positive curvature, contact between 

the web and the template begins at a single point and then begins to spread outward as the 

template continues to lower.  While the template is lowering, the fluid front is constrained 

to move only as fast as the contact front.  This can cause disruptions to the fluid 

redistribution, and possibly affect the uniformity of the RLT.  Therefore the template 

lowering speed was chosen as a control variable in order to evaluate whether the fluid 

spreading speed had a significant impact on the output RLT performance.  

There are many other parameters that contribute to the quality of the imprint (such 

as surface energy of the web) however the three that were chosen were determined to be 
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the most influential.  All other controllable parameters were kept as consistent as possible 

during experimentation. 

4.1.2.1 Imprint Surface Repeatability 

Many parameters are involved with the control of the web surface shape.  In order 

to verify the previous assumption that the imprint surface is held constant throughout the 

experiment, several measurements were made.  A confocal displacement sensor was 

mounted above the tensioned, pressurized substrate, and as the x-y stage moved beneath 

the sensor the profile was measured.  The web was removed, replaced, and re-measured 

several times in order to provide quantitative proof that the substrate surface was 

consistent.  Figure 24 displays the resulting web surface measurements.  The percent 

difference between maximum and minimum peaks amounted to 12.3%, or an absolute 

value of 34.8 microns.  This constitutes a larger range of variation than preferred 

(preferred would be <10%), however this slight variance in web surface height does not 

severely affect the shape of the pressurized region.  The template must travel slightly 

farther to initiate contact with the web surface; however the curvature of the substrate is 

changed very little.  A 34.8 micron height change over a long axis length of 11cm is not 

significant.  The ability of the web tension module to repeatedly position and shape the 

substrate will add very little noise to the output of the process.  With this justification, the 

web surface is assumed to be consistent throughout the experimental trials. 
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Figure 24 Measured web surface profile 

4.1.3 Performance Measures 

Process requirements of nanopatterning applications influenced the choice of 

appropriate performance metrics used to quantitatively evaluate the output of each 

experimental process.  Residual layer thickness (RLT) control is a ubiquitous requirement 

for nanopatterning processes, and it manifests in two key ways.  First, the ability to 

deposit a residual layer at a mean thickness close to the target value, and second, the 

variation in the layer thickness must be sufficiently small to allow for the residual layer 

etch processes [47].  Therefore, the quality metrics to be measured in this system of 

experiments are the mean and standard deviation of the imprint thickness. 
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In order to compare the RLT control of intentionally varied imprint layer 

thicknesses, a percent error formulation was used.  Changing the drop pitch from 3x3 to 

2x2 makes the total volume of resist larger, which translates to thicker imprint layers.  

The important information obtained in the mean thickness measurement is how close the 

layer thickness is compared to the desired thickness.  For this reason, the percent 

difference between the actual thickness and a target thickness was calculated and used as 

the actual performance measurement.  This simple equation is shown below: 

        
               

       
     (26) 

A similar performance measure was used when comparing the imprint 

uniformities.  Because, again, the layer thicknesses were varied intentionally, the 

standard deviation must be scaled accordingly.  For example, if the imprinted layer 

thickness was 100nm, and its standard deviation was 5 nm, 95% of the thickness 

measurements would be between 95 and 105nm.  This range of variation, with respect to 

the layer thickness, is relatively small.  However, if the imprint was only 50nm, and the 

standard deviation was again 5nm, this imprint would have much more relative variation.  

The variation-to-thickness ratio is similar to a signal-to-noise ratio that is ubiquitous in 

signal processing.  To calculate the scaled variation, with respect to thickness, the 

standard deviation (1σ) is converted to a percentage, as follows: 

          
 

     
     (27) 

The thickness-percent-error and relative variation are used as scalable quantities 

to evaluate the imprint performance.  Both measurements are in the form of percentages 

so that they may be compared directly later during the optimization section. 
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4.1.4 Variable Targets and Boundaries 

A two level experiment makes use of a high and low value for each design 

variable in order to establish a general trend between inputs and outputs.  While this 

method of experimentation may not be able to truly optimize a given parameter set 

(which would require at least 3 data points for each parameter), it can reveal the direction 

each parameter should move (increase or decrease) for improved results, which is also 

known as the „main effects‟.  „Interactions‟, or the combined effect of varying two or 

even all three variables, can also be observed using the two-level factorial design of 

experiments.  The goal of mapping the main effects as well as interacting effects is to 

quantify the effect that each variable has on the process output when, because of the 

number of variables being changed simultaneously, intuition is not enough.  A two-level 

factorial experiment reveals which of the control variables, and combinations of control 

variables, are most significant.  The resulting analysis then provides the necessary 

information needed to more accurately tune the process.   

The choice of high and low variable levels should span the normal operating 

range of the experiment.  For example, normal spread times for imprint lithography tools 

are on the order of seconds [48].  Therefore, for this experiment the spread time values 

were chosen to be 10 seconds and 50 seconds.  A spread time of 50s may not be useful in 

a realistic manufacturing setting, but to clearly establish the main effect that spread time 

has on the measured performance criteria it is reasonable.  If spread times of 5 and 10 

seconds were used, for example, the effect of the longer spread time might not have been 

noticeable.  10 seconds was the chosen length of time for the low end of the spread time 

parameter range based on initial experiments.   

The target thicknesses used to estimate mean thickness error were taken from 

imprints on wafers, where mean thickness was experimentally measured for a number of 
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samples imprinted using the same machine.  This calibration was done with the same 

drop pitch and volume as used in the flexible experiments.  The mean residual layer 

thickness of a 2X2 and 3X3 drop pattern, using 6 picoliter drop volumes, is recorded in 

the table below.  This measured value is used because it takes into account any 

inaccuracy in the dispense amount and evaporation of the resist during liquid phase.  The 

resulting mean residual layer thickness is a more accurate representation of the current 

operating condition of the imprint module. 

 

Table 7 RLT calibration values 

 Mean RLT 

2X2, 6pL Drop Pitch 125nm 

3X3, 6pL Drop Pitch 75nm 

 

4.1.5 Experimental Plan 

A series of experimental configurations are determined by switching between the 

high and low values of each variable systematically.  Table 8 displays the set of 

experimental configurations, or trials, necessary to describe all main effects, as well as 

interactions. 

Table 8 Experimental design matrix 

Trial Treatment 

Combination 
         

1 (1) -1 -1 -1 

2 a +1 -1 -1 

3 b -1 +1 -1 

4 ab +1 +1 -1 

5 c -1 -1 +1 

6 ac +1 -1 +1 

7 bc -1 +1 +1 

8 abc +1 +1 +1 
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There are 3 design variables (d1, d2 and d3) and 2 levels (+1 and -1) for each 

variable.  Therefore, a full factorial, two-level experiment with three design variables will 

consist of 2
3
=8 trials.  Each trial should be repeated at least once so that an average can 

be taken.  For this experiment, many measurements were taken on multiple imprints in 

order to provide a more robust mean thickness and standard deviation.  This averaging 

helps to reduce experimental sensitivity to noise.  The following analysis section details 

the results of the 8 trials.  For each experimental trial an imprint was created, and then the 

RLT was characterized according to the previously stated performance criteria, in order 

to determine which parameter combinations performed the best.  The technique used for 

measuring RLT information is discussed below. 

 

4.2 METROLOGY 

A method to measure residual layer thickness mean and standard deviation was 

devised, which enables imprints done on flexible substrates to be observed using a 

scanning electron microscope. The use of flexible substrates makes the metrology process 

difficult for two principal reasons: 1) the web material generally has an index of 

refraction close to that of the imprint monomer (both are approximately 1.6), and 2) 

flexible materials cannot be easily cleaved for cross-sectional viewing, as is done with 

imprinted silicon wafers.  Similar indices of refraction make the visible contrast between 

an imprinted layer and the flexible film difficult to see.  Cross-sectioning the flexible 

material must be done by cutting, as opposed to cleaving. However, this leaves 

undesirable micron-scale artifacts making nano-scale measurements impractical.  To 

overcome these difficulties, a method of transferring the imprinted layer directly onto a 

wafer was developed.  This allows the wafer to be cross-sectioned and observed. 
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Imprinted layers of cured resist typically bond well to the flexible substrate, and 

would be difficult to transfer onto another substrate using a lift-off technique without an 

interstitial layer between the two.  A thin layer (<1nm) of gold-palladium was sputter-

coated onto the web prior to imprinting to weaken the bond between the resist layer and 

the polycarbonate substrate.  This allows the imprinted resist layer to release more 

readily.  Figure 25 shows the steps taken in transferring a cured resist layer from a 

flexible substrate to a wafer. 

 

1. A blank imprint is done on 

sputter-coated 

polycarbonate film 

 

2. The imprinted layer is hand-

rolled onto a wafer covered 

in a thick (~300nm) layer of 

resist 

 

3. The resist is cured via UV 

exposure 

 

4. The flexible substrate is 

peeled off, leaving all cured 

resist on the wafer 

 

5. The wafer is cross-sectioned 

and examined using an SEM 

 
 

 
 

 
 

Figure 25 Resist layer, substrate transfer process 

The interface between the imprinted layer and the thick adhesion layer is subtle, 

however it is observable.  Figure 26 displays one of these SEM images, where the top 

layer is being measured.   In effort to minimize human error during this process, one 

operator made all of the thickness measurements.  It was possible to collect consistent 

data in this manner. 
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Figure 26 A cross-section SEM image showing the interface between the imprinted layer 

and the thick adhesion layer 

It is assumed that the two quantities of interest, mean thickness and standard 

deviation, are not affected by the substrate transfer process.  The thick film of uncured 

resist (seen in step 2 of Figure 25) conforms around the layer of interest without causing 

pattern deformation.  Low pressure is then used to squeeze out any remaining air and 

excess resist before the final cure.  The interface between the pattern layer and the thick 

layer of resist is observable in an SEM.   
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The imprint quality was then determined based on the previously mentioned 

quality metrics (mean thickness and uniformity), and a relationship between the 

performance of the process and critical input parameters was established.  Using the 

design variable quantities observed to be most effective, patterned imprints were 

performed and analyzed with respect to typical application requirements.  The following 

chapter details the steps taken to experimentally qualify the performance of J-FIL on 

flexible substrates. 

 

4.3 RESULTS 

The results of the two-level factorial experiment described above will be 

discussed in this section.  The three design variables: 1) template speed, 2) drop pitch and 

3) static spreading time, will be investigated further in order to establish any trends in the 

output measurements.  The resulting mean RLT (tmean) and standard deviation (σ) are 

recorded below for each trial.  For clarity, the mean thickness error and standard 

deviation error are re-defined here as: 

 

             
               

       
              

 

     
     

Table 9 RLT data 

Trial      [nm]          [nm]         

1 84.940 13.25 5.764 6.68 

2 103.597 38.13 11.880 11.47 

3 112.864 9.71 8.171 7.24 

4 132.898 6.32 5.131 3.86 

5 70.476 6.03 3.967 5.63 

6 96.756 29.00 28.270 29.21 

7 123.934 0.85 20.961 16.91 

8 115.525 7.58 12.695 10.99 

 



 83 

4.3.1 Template Speed 

The speed at which the template is lowered onto the substrate resist was observed 

to have an impact on the quality of the imprint.  The curvature of the substrate has been 

observed to have an effect on the fluid merging characteristics.  A substrate with high 

curvature will contact the template at its peak much sooner than the perimeter of the 

pattern area, especially for large area (26 by 32 mm) patterns.  Therefore, the fluid at the 

center area of the template will merge and begin redistributing earlier than at the 

patterned area perimeter.  This fluid merging and spreading stage is referred to as the 

dynamic spread time.  The length of the dynamic spread time is based on two 

characteristics of the process: 1) the curvature of the imprint substrate under back 

pressure, and 2) the speed at which the template is lowered down onto the substrate.  The 

curvature of the imprint area is held constant in this set of experiments, as explained 

previously.  The following figure displays the effect that template speed has on the mean 

RLT as well as the RLT uniformity.   
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(A) (B) 

Figure 27 (A) Variation in mean residual layer thickness with respect to template 

lowering speed, (B) Variation in standard deviation magnitude with respect to template 

lowering speed 

The y-axis of Figure 27(A) is the percent error between the actual mean RLT and 

the expected RLT.  The expected value of RLT refers to the average measured value seen 

in Table 7.  Percent error was used, rather than an absolute thickness value to facilitate 

the comparison between two different mean thickness values.  Likewise, Figure 27(B) 

displays the magnitude of the standard deviation as a percentage of the mean RLT.   In 

effect, both quality metrics describe variation, and will later be used when determining 

the best performing control variable set.  This percent error comparison captures what is 

effectively a signal-to-noise ratio.  The trend seen in both Figure 27(a) and (b) is that a 

slower template lowering speed has a positive effect (reduces error) on the effect on the 

target thickness and standard deviation of the RLT. 
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4.3.2 Drop Pitch 

The thickness of the imprinted resist layer is a function of two parameters 

controlled by the imprint module: the drop pitch and the drop volume.  The drop volume 

was held constant during this set of experiments, at 6pL, to intentionally keep the final 

mean RLT as small as possible.  The dispense head can make larger volume droplets, in 

multiples of 6pL up to 24pL, however it cannot go smaller, reliably.  The drop pitch can 

be varied by excluding certain rows and columns during dispense.  A 2X2 pattern refers 

to every other inkjet nozzle being used to dispense, rather than all nozzles dispensing.  

Likewise, a 3X3 drop pitch uses every third nozzle.  Using a 3X3 drop pitch reduces the 

total volume of liquid dispensed by one third, as compared to a 2X2 drop pattern.  This 

parameter was used as a control variable to detect what effect the total volume, and drop 

spreading distance had on the process output.  The following figure shows the main effect 

that drop pitch has on the mean thickness and standard deviation of the RLT. 

 

  
(A) (B) 

Figure 28 (A) Variation in mean thickness due to drop pitch, and (B) Standard deviation 

due to drop pitch 
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Figure 28(a) clearly shows that a denser drop pitch (2X2) resulted in more 

accurate RLT thicknesses.  This trend can be the result of two factors: 1) the thickness 

error does not scale with the increase in average layer thickness, and/or 2) the reduction 

in individual drop spreading distance allows the fluid to redistribute more effectively.  

These two results are coupled, and cannot be separated from the results of this 

experiment.  Figure 28(b) displays a somewhat weaker trend, that the standard deviation 

is reduced with a denser drop pitch.  Again, the total dispensed volume and drop spacing 

are coupled within this result.  From these two trends it can be established that a denser 

drop pitch and thicker RLT result in a more accurate mean thickness, relative to the 

magnitude of the layer thickness, with less variation. 

4.3.3 Spread Time 

The static spread time, referred to as just the spread time, is the interval of time 

between when the fluid drops merge and the UV curing cycle.  During this period, the 

contiguous film redistributes under the pressure between the template and the substrate.  

Higher pressures and more rigid substrates move the liquid more effectively, and are 

therefore much faster.  For less rigid substrates, and using the same template, the static 

spread time will be longer.  An optimal spread time would be one that is only long 

enough to allow the fluid to redistribute properly, and no longer.  Cycle time is obviously 

preferably lower in any manufacturing process. 

The flow characteristics of the resist are a function of capillary action and surface 

energies of the substrate and template.  These properties dominate the flow characteristics 

of the fluid between the two surfaces; however they are out of the scope of this 

experiment.  In addition, the topology of two surfaces will influence the final fluid layer 

thickness, given enough time for the resist to fully evolve.  The template itself is highly 
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polished, and very flat, but the web surface can have low frequency variations up to 5% 

of the total thickness (which in this case is 125 micron) according to material datasheets.  

Observation of the material surface using a SEM reveals very little high frequency 

variation of the polycarbonate surface.  This process avoids some topology effects by 

utilizing pneumatic back-pressure to evenly distribute force across the area of template 

contact.  The flexible web conforms to the surface of the template, which limits any 

major thickness variations from causing noise in the process output.  

 

  
(A) (B) 

Figure 29 (A) Variation in mean RLT thickness due to spread time, and (B) variation in 

standard deviation due to spread time 

Figure 29 depicts the effect of spread time on the mean thickness and standard 

deviation of the RLT.  The trend in RLT mean, with respect to spread time, reveals a 

slight trend of improvement using longer spread times.  This data seems to be influenced 

by one outlying data point at both the 10s and 50s spread time.  The observed trend is still 
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valid, even with the added noise in the data.  The standard deviation shows a strong trend 

of less variation using the shorter of the two spread times.   

In this case, the main effect of increasing spread time has a positive effect on the 

target RLT thickness (more accurate mean thickness), and a strongly effect on the RLT 

standard deviation (larger deviation).  Therefore, in order to choose between a short or 

long spread times, some trade-offs must take place.  Weighting the importance of the two 

quality metrics is one way of differentiating between the two.  This topic will be 

discussed more thoroughly later in this chapter. 

4.3.4 Interactions 

With the primary effect of changing one variable at a time having been 

established in the previous section, the focus now shifts to the effect of varying multiple 

input parameters simultaneously.  The joint effect of the factors on each response variable 

will be evaluated.  There are four interaction effects stemming from the variation of input 

parameters: 1) d1*d2 (the effect of varying input parameter 1 and 2 simultaneously), 2) 

d1*d3, 3) d2*d3, and 4) d1*d2*d3.  In order to fully describe all of the possible outputs 

of this 3 degree of freedom system, these compounding effects must be mapped.   

Table 10 contains the correlation between treatment combinations and factorial 

effect.  The effect of a factor (or control variable) is denoted by a capital letter, and is the 

average of the response of the factor at its high level minus the average of the factor at its 

low value.  The effect of factors A, B and C are main effects, whereas the effect of a 

combination of letters (AB, for example) is called an interaction effect.  The effect of any 

factor can be calculated using the treatments and signs found in this matrix.  No 

additional experiments are necessary; this analysis yields the second order terms of the 

regression model.  The interaction effects may or may not be significant, which will be 
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evaluated later in this chapter.  This section will use a graphical method of determining 

interaction effects; however an analytical representation is explored further in the 

Analysis of Variance section later in this chapter.  At this point it is sufficient to mention 

that the interactions can be calculated using the previously acquired experimental data.   

Table 10 Algebraic signs for calculating effects in the 2
3
 design 

 Factorial Effect 

Treatment 

Combination 
I A B AB C AC BC ABC 

(1) + - - + - + + - 

a + + - - - - + + 

b + - + - - + - + 

ab + + + + - - - - 

c + - - + + - - + 

ac + + - - + + - - 

bc + - + - + - + - 

abc + + + + + + + + 

 

The last four columns in Table 10 represent either a high or low value for that 

given variable.  For example, the row labeled „bc‟ has a positive sign in columns „B‟, „C‟, 

and column „BC‟.  All others are at their low value.   

A column of one‟s has been added to the experimental matrix as well.  When used 

later in the analytical regression analysis, this column adds another term to the regression 

model.  The „I‟ column is an identity element which will result in an added constant 

offset to the regressive model.  This offset is actually the average of all of the data points.  

Columns AB, AC, BC and ABC are equivalent to multiplication of the individual effects 

columns.  For example, column AB is the result of multiplying column A by column B.  

This method of populating the design matrix results in the matrix being orthogonal, 

which means the columns and rows are orthogonal.  An orthogonal matrix has many 

useful properties, such as being square, invertible, unitary and normal.  In fact, all 2k 
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designs are orthogonal designs [49].  Once the design matrix is assembled, and the 

experimental data is taken, the interactions can be quantified. 

 The following set of figures displays the effect that each possible 

interaction may have on the quality of the imprint.  The slope of the linear approximation 

in each plot indicates the significance of the effect.   
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Table 11 Variation due to interactions 

Mean RLT RLT Uniformity 
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As Table 11 indicates, the effects „AB‟ have the most significant effect on both 

the mean RLT and the RLT uniformity.  The combined effects of AC, BC and ABC show 

little influence on the Mean RLT.  AC and BC do not seem to have a large impact on the 

RLT uniformity, however ABC does.  This means that the combination effect of raising 

the template speed, drop pitch and spread time to its high value has an impact on the RLT 

uniformity.    As expected, the mean RLT and standard deviation improve when both the 

template speed and drop density are at their high value.  The other effects do not have an 

appreciable impact on the quality of imprint.   

Tracking the main effects and interactions will allow a model to be built, which 

can estimate the output of the process given known inputs.  The previous analysis 

indicated which factors are significant, graphically.  The following section will quantify 

the level of significance of each factor in order to drop unnecessary terms.  This will 

yield a simplified, yet still accurate model. 

4.3.5 Analysis of Variance 

The previous section details the results of a 23 factorial experiment using 

graphical representations of the main effects and interactions.  This section builds upon 

this result by creating an empirical model to approximate the response of the system over 

the entire parameter space.  More specifically, a first-order linear regression model will 

be developed for each output variable in order to find the best combination of control 

variables. 

 There are 3 factors in this experiment (d1, d2 and d3), each with a high value and 

a low value.  The effect of changing one of these variables will be denoted with a capital 

letter.  For example, the variation of the d1 control variable will be represented by capital 

„A‟.  The actual response or output at that treatment combination is denoted by a 
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lowercase letter, or combination of letters.  There are seven degrees of freedom between 

the eight treatment combinations in a 23 factorial experiment.  Table 10 lists the eight 

treatment combinations in the first column, and the eight effects across the top row.  

There are three degrees of freedom associated with the main effects of A, B and C, and 

four degrees of freedom associated with interactions AB, AC, BC and ABC.   The 

magnitude of these effects, once calculated, will be indicative of the sensitivity of the 

process due to each factor. 

The effect of A is calculated as follows: 

             (28) 

   
           

  
 
          

  
 (29) 

where   is the number of replicates observed at that treatment.  For this experiment, an 

average value is used for the output variable; therefore the number of replicates is one.  

Equation (29) can be rearranged as 

   
 

  
                         (30) 

The formula within the square brackets of Equation (30) is known as the contrast 

of factor A.  Likewise, the effect of B is the difference in the averages of the high values 

and low values of B corresponding to the treatments in Table 10. 

             (31) 

   
 

  
                         (32) 

The effect of C is the difference in averages of the high and low values of C 

corresponding to the treatments in Table 10. 
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             (33) 

   
 

  
                         (34) 

The remaining interaction effects can be calculated using the plus and minus signs 

shown in Table 10.   Applying the plus and minus signs to the appropriate treatments 

results in the calculation of the contrast of that effect.  As equation (34) shows, the effect 

can be calculated by dividing the contrast by „  ‟.  The resulting equations are 

    
 

  
                         (35) 

    
 

  
                         (36) 

    
 

  
                         (37) 

     
 

  
                         (38) 

The following table summarizes the main effects and interactions with respect to 

each output variable (thickness and standard deviation respectively). 

Table 12 Summary of calculated factors 

Effect       

A 14.14 4.80 

B 32.36 -0.71 

AB -6.90 8.76 

C -8.33 -10.45 

AC -5.20 3.22 

BC 3.75 1.42 

ABC -9.02 -5.83 
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The main effects and interactions calculated in Table 12 quantify what was 

graphically explained previously.  For example, one main effect observed was that spread 

time had a weakly positive effect on the process output.  Spread time corresponds to the 

C effect, which has an effect of -8.33 in Table 12.  The negative sign means there is a 

negative slope on the line which is increasing in spread time.  This negative effect is with 

respect to the RLT error, thus it is a positive effect on the process output.  The magnitude 

of the effect relates to sensitivity, or the slope of the linear approximation line in the 

graphical analysis of that effect.  Quantifying the effects using this method provides a 

more concrete basis for comparing the relative magnitudes of each effect. 

Having calculated the main effects as well as the interactions, the next operation 

is to create the regression model, and analyze the variance in the output data.  First, the 

regression model is calculated using a least squares estimate. The linear model is written 

in matrix form, as 

        (39) 

where 
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where   is the experimental matrix (see Table 8) augmented with a column of ones,   is 

the column vector of regression coefficients, and   is the error.  The error term is 

assumed to be normally distributed with mean zero and variance   .  The least squares 

estimates of the β values can be determined by carrying out the following operation: 
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              (40) 

which yields 
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Therefore,                     etc.  These values are the coefficients in the 

regression model, which is: 

                                                          (42) 

where     refers to the current output variable, of which there are two (mean thickness and 

standard deviation).  In equation (42), each variable    refers to an input parameter value 

between -1 and 1.   

Following the same steps (equations (28)-(41)) using the output values for 

standard deviation (   ) the resulting values of    are: 

   

 
 
 
 
 
 
 
 
      
     
      
     
      
     
     
       

 
 
 
 
 
 
 

 (43) 

Inserting the coefficients into the regression equation (42) yields 

 
                                                        

                       
(44) 
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(45) 

The full regression model includes all main effect terms as well as interactions, 

however, not all of these terms are significant.  First, the main effects model is evaluated 

using the coefficient of determination (  ) method.  The variability of the output data is 

measured using the sums of squares, and these values are then used to compute the    

value.  First, the total sum of squares is calculated by 

                

 

 (46) 

and the regression sum of squares, or the explained sum of squares is 

                 

 

 (47) 

where     is the predicted value and    is the mean of the actual measurements.  These 

values are then used to calculate the coefficient of determination, as 

    
     

     
 (48) 

The coefficient of determination is the proportion of variability in a data set that is 

accounted for by the statistical model.  It provides a performance measurement of how 

well the model is likely to predict future outcomes.  The better the linear regression fits 

the data in comparison to the mean, the closer the coefficient is to 1.  The coefficient of 

determination for the main effects regressive model (ignoring interaction effects:     ; 

    ; etc.) is calculated to be: 

Table 13 Initial coefficient of determination values 

    

    0.886 

    0.519 
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A value of 0.90 or higher is desirable; therefore more terms must be added to the 

regression model to ensure a better fit.  The first interaction term (    ) is then added to 

the regression model.  The resulting coefficients of determination are calculated to be: 

Table 14 Improved coefficient of determination values 

    

    0.916 

    0.819 

Both models are improved, with the second model improving significantly.  The 

model     yields a satisfactory model with the inclusion of the first interaction effect, 

however the second model,    , must include more terms for a successful fit.  After 

reviewing the graphical interaction plots in the previous section, it can be seen that the 

effect of      and        have a significant slope.  Including these effects in the 

regressive model yields a coefficient of determination of 0.952, which is satisfactory.  

Equations (44) and (45) represent the full regression model of the output variables 

including interaction effects.  It is obvious that some coefficients are significantly smaller 

than others, meaning the effect of that factor is less.  After analysis of each regression 

model using the coefficient of determination, the reduced order models become: 

                               (49) 

                                        (50) 

                                          (51) 

                                                 (52) 

Using these two models, the optimal parameter combination will be determined 

which produces the best quality output.  The next section details this process. 
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4.3.6 Optimization 

The previous section involved the derivation of a model which relates the input 

control variables to the output performance measurements.  The goal of developing a 

model of the imprint process is to find out which combination of input variables yields 

the best output, with respect to the chosen performance metrics.  With the models now 

known, the next step is to calculate the predicted output over the whole parameter space.  

The benefit of having models of the system is that the best operating point can now be 

established.   

There are two performance measures, mean thickness error and variation error 

(          ).  Both performance variables are errors that would ideally be minimized.  With 

two performance variables, they may not necessarily both be minimized for the same set 

of input variables.  For example,     might be minimized on trial #2 whereas     might be 

minimized on trial #5.  Because both measures are errors, they can be directly compared, 

or summed, in this case.  The total error, including both performance metrics, captures 

this trade off.  A function was created that simply adds the two errors together, as 

follows: 

                      (53) 

For the ith trial, the two errors are summed.  Both errors are weighted equally in 

this evaluation, however if one metric, such as RLT variation, was more critical for 

further imprint processing then the relative weight could be increased. The trial with the 

minimum total error is the chosen combination of variables.   
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Figure 30 RLT percent error and RLT uniformity percent error for each experimental trial 

Both performance metrics are calculated and plotted for each experimental trial in 

Figure 30.   The RLT variation (represented by the green dotted line) has a minimum 

value corresponding to trial #5, however, the mean RLT error is minimized in trial #4 and 

trial #8.  It is easy to see that if there were only one performance metric, say mean RLT 

error, trial #5 and trial #8 input variables would be chosen as the best combination, but 

inclusion of the second metric changes the result.  The solid red line in Figure 30 is the 

total error for each trial.  The total error is minimized at trial #5, meaning that 

combination of input variables yields the best input results with respect to the two 

performance metrics. 
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The input variables for trial #5 correspond to: low template speed, a less dense 

drop pitch, and a longer spread time.  This is contrary to the main effects plots (Figures 4, 

5, & 6) which indicate that a denser drop pitch reduces the error in mean RLT and 

variation.  What this reveals is that the main effects plots are not enough information.  

The interactions must be considered, which was done graphically as well as analytically.  

Therefore, to minimize both the RLT error and the variation error simultaneously, the 

conditions of trial #5 perform the best.  Trial #5 resulted in a mean RLT of 70.47 nm with 

a standard deviation of 3.97 nm 1σ.  The target thickness was approximately 75 nm.   

Now that the best overall operating point (within the confines of the experiment) 

has been established using a 2-level design of experiments, further experimentation can 

be done to fine tune the process.  The input parameter ranges can be narrowed to 

encompass the operating point found using the DOE, and focus can be centered on those 

parameters found to have significant effects.   

4.3.7 Patterned Imprints 

The previous experiments were performed using a blank template, in order to 

facilitate the measurement of RLT values.  Blank imprints are obviously not valuable 

from a device manufacturing point of view; therefore this experiment leads into the use of 

a patterned template.  Unfortunately, the method of transferring an imprinted layer from 

the flexible film to a wafer is not successful when patterned imprints are used.  When the 

pattern is transferred to the wafer, which is covered in ~300 nm of resist, the pattern side 

is face down directly into the thick resist.  The resist fills the pattern features, and the 

interface between the RLT and the thick resist is not easily detectable.  Therefore a 

different approach was taken. 
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Patterned imprint RLT information was not able to be measured using the same 

methods as the blank imprints; therefore the focus was shifted to other important imprint 

quality metrics.  Using the best imprint formulation from the previous experiments (low 

template speed, low drop pitch and long spread time), patterned imprints were performed.  

The template used for this process consists of an array of hexagonal pillars, originally 

used in LED production.  The hexagons measure 125 nm tall by 240 nm wide and with a 

pitch of 450 nm.   

The goal of performing these patterned imprints is to prove that the process works 

using a realistic pattern.  Failure modes for this experiment were defined to be: pattern 

filling, and separation deformation.  The first mode, pattern filling, basically determines 

if the liquid resist has filled the entire relief structure of the template.  Separation 

deformation refers to any damage done to the imprinted features as the template is 

separated.  Deformed pillars or total delamination of a portion of the pattern area would 

qualify as separation deformation.  Both of the pattern quality characteristics can be 

observed using a scanning electron microscope (SEM).  Since RLT information is not 

being collected, there is no need for a cross sectional image.  Instead, a top down view of 

the imprinted area reveals the desired information.  Figure 31 is a sample SEM screen 

capture of the hexagonal pillar array.  The inset seen in the bottom right corner is the 

same pattern area under higher magnification, and a sharper viewing angle. 
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Figure 31 125 x 240 nm hexagonal pillars imprinted on 125 micron polycarbonate film 

As the figure shows, the pattern was faithfully reproduced on the flexible 

substrate.  After examination of several imprints it was obvious that the pattern quality 

was very high.  None of the patterned flexible imprints showed any sign of feature 

distortion or pattern filling problems.  This comes as no surprise, given that the imprint 

module is a proven piece of technology, which controls the imprint and separation 

processes very precisely.  The low viscosity resist rapidly fills the template relief 

structure, and the bond between the flexible web and the cured resist is much stronger 

than between the template and resist.  Basically, problems in the imprint process manifest 
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during the fluid filling stage of the process.  If the fluid resist fully merges and fills the 

patterned area, the remainder of the process is consistently successful.  Therefore, a 

patterned imprint on flexible substrates was considered very successful.  It is necessary to 

carry out this same process using a variety of template features to qualify the process for 

a range of applications; however this is left as future work. 

4.4 SUMMARY 

A two-level design of experiments was developed in order to refine the imprint 

performance, and to develop insight as to which process variables were influential in 

determining the imprint quality.  Three process control parameters were chosen as the 

experimental variables based on preliminary imprint results.  During the experiment, 

these three parameters were controllably held at either high or low values, which 

correspond to their range of use.  All possible combinations of the variables were tested, 

and the results were analyzed.   

Measurements of the RLT provided a means of evaluating imprint quality, 

namely, the mean thickness and standard deviation of the imprinted layer.  The main 

effects of each parameter on the process output and the interactions, or combination of 

parameter effects on the process output were observed.  The results were analyzed 

graphically as well as analytically.   

The graphical method clearly indicates the trend of each variable (whether the low 

or high value performed best), from which the direction of improvement can be 

determined.  However, to quantify the sensitivity of the process parameters, a 

mathematical model was built.   

The linear regression model was fit to the process performance data, based on the 

input parameters in each experimental trial.  The model can then predict the process 
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performance for the entire input parameter space.  Each input variable, or factor, was 

evaluated for significance, or its level of impact on the process output.  Insignificant 

factors were dropped from the mathematical model, for simplification.  The predicted 

outputs, one for each performance metric, resulting from the regression model were 

transformed into a percent-error, rather than absolute numbers. This allowed the two 

errors to be directly compared.  The best performing input parameter set was the one that 

minimized the total error, which was defined as the sum of the two individual errors.   

The best performing operating point was determined to be trial #5, which 

consisted of low template speed (2μm/step), low drop density (3x3 drop pitch), and long 

spread time (50 seconds).  This combination of input variables produced an imprinted 

layer with a mean thickness of 70.47 nm and a standard deviation of 3.96 nm (1σ).  For 

reference, experimental results by Chao et al. [50] claim RLT uniformity of 8.8nm 1σ 

using an Imprio 100 lithography tool from Molecular Imprints, Inc.  These results are 

promising, and with further development of the tension module, better uniformity and 

control is expected. 

Once the best operating point was established, a patterned template was used to 

create an imprint.  The template consisted of an array of hexagonal pillars: 125 nm tall by 

240 nm wide and with a pitch of 450 nm.  Imprints done with this template were 

observed using an SEM, to look for unfilled pattern areas and deformation due to 

separation.  Several imprinted patterns were investigated for pattern defects using a top-

down SEM image.  The results were visually evaluated on several areas of each imprint, 

leading to a reasonable sample size, and confidence in the results. These undesirable 

effects were not observed and therefore the process quality was verified.  The precision 

of the imprint module appears to avoid any unwanted pattern distortion during separation, 

and the low viscosity resist fills the template relief structure without trapping air.  The 
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result is a repeatable, high quality imprint of nanoscale features on a flexible plastic 

substrate.   

Experimentation and analysis of the imprinted patterns has revealed that the 

imprint process on flexible substrates is feasible, and capable of generating very uniform 

pattern layers with high fidelity.  The next stage in the development of implementing J-

FIL on flexible substrates is to expand the process to a dynamic, roll-based machine.  

This study was limited to a static representation of the imprint section; further 

investigation is needed to identify the effects that dynamics will have on the process 

output.  This is left for future work, which will be discussed in more detail in the 

following chapter. 
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Chapter 5 Conclusions   

There is a well-defined need for a versatile, high throughput, nanofabrication 

process for the development of the next generation of nano-scale devices.  The ability to 

fabricate arbitrary nanoscale structures on inexpensive flexible substrates at low cost and 

with low resist waste has the potential to enable researchers to use this capability in novel 

ways. 

Specific examples of new photovoltaic fabrication methods aimed at increasing 

efficiency and lowering production costs, such as plasmonic structures, surface texturing, 

and roll-to-roll manufacturing were discussed in Chapter 1.  The nanofabrication 

processes currently used to enhance efficiency in PV devices are primarily for laboratory-

scale studies. Therefore, to reduce the cost of solar power down to a competitive price, a 

high throughput nanomanufacturing technique is essential. 

A simplified roll-to-roll system for nanopatterning roll-type film using the J-FIL 

process was developed.  A test bed was developed to model the imprint zone of a web 

processing tool, which incorporates a web tensioning module as well as an imprint 

module.  The test bed has the capability of controllably varying a number of web tension 

parameters as well as process variables in order to observe their effect on the process 

output.  Process metrics such as RLT uniformity, target RLT accuracy, feature filling and 

feature distortion were evaluated in order to qualify the new process.  The study was 

aimed at uncovering any feasibility issues with the new process, as well as highlighting 

critical design parameters. 

The roll-to-roll test bed, composed of an imprint module and a tension module, 

enables the use of the J-FIL process on flexible substrates.  Its purpose is to control a 

variety of process parameters critical to the output quality.  The machine has the 



 108 

capability to correct for errors in these variables, as well as intentionally disturb the 

system, with the goal of understanding the process‟ capability and sensitivity on flexible 

substrates.  The previous sections discuss the methods utilized to control the web surface 

shape and tension characteristics for further experimental testing.   

A two-level design of experiments was developed in order to improve imprint 

performance, and to develop insight as to which process variables were influential in 

determining the imprint quality.  Three process control parameters were chosen as the 

experimental variables based on preliminary imprint results.  During the experiment, 

these three parameters were controllably held at either high or low values, which 

correspond to their range of use.  All possible combinations of the variables were tested, 

and the results were analyzed.   

Measurements of the residual layer thickness provided a means of evaluating 

imprint quality, namely, the mean thickness and standard deviation of the imprinted 

layer.  The main effects of each parameter on the process output and the interactions, or 

combination of parameter effects on the process output were observed.  The results were 

analyzed graphically as well as analytically.   

The best performing operating point was determined to be trial #5, which 

consisted of low template speed (2μm/step), low drop density (3x3 drop pitch), and long 

spread time (50 seconds).  This combination of input variables produced an imprinted 

layer with a mean thickness of 70.47 nm and a standard deviation of 3.96 nm (1σ).  These 

results are promising, and with further development of the tension module, better 

uniformity and control is expected. 

Once the best operating point was established, a patterned template was used to 

create an imprint.  The template consisted of an array of hexagonal pillars: 125 nm tall by 

240 nm wide and with a pitch of 450 nm.  Imprints done with this template were 



 109 

observed using an SEM, to look for unfilled pattern areas and deformation due to 

separation.  These effects were not found.  The precision of the imprint module avoids 

any unwanted pattern distortion during separation, and the low viscosity resist fills the 

template relief structure without trapping air.  The result is a repeatable, high quality 

imprint of nanoscale features on a flexible plastic substrate.   

Experimentation and analysis of the imprinted patterns has revealed that the 

imprint process on flexible substrates is feasible, and capable of generating very uniform 

pattern layers with high fidelity.  The next stage in the development of implementing J-

FIL on flexible substrates is to expand the process to a dynamic, roll-based machine, as 

discussed in the next chapter.  
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Chapter 6 Future Work  

Earlier chapters summarized the results of a factorial design of experiments, 

where critical design variables were investigated for their effect on the process output 

quality.  The study resulted in a marked improvement in imprint quality, measured by the 

mean thickness and standard deviation of the residual layer. Blank imprints of 70.5 nm 

thickness and 3.9 nm standard deviation were achieved, while patterned imprints 

consisting of an array of hexagonal pillars showed no signs of pattern filling problems or 

deformation during separation.  The experiment concluded that using Jet and Flash 

Imprint Lithography on flexible substrates is feasible for large area imprinting of 

nanoscale features. This successful demonstration of the J-FIL process on a flexible 

substrate motivates the continuation of this research.  Before a commercial tool can be 

developed, an automated roll-to-roll prototype must be developed to investigate the 

challenges of controlling the dynamics of the process. 

6.1 NEXT GENERATION DESIGN 

Figure 32 is a proposed design of an automated roll-to-roll imprint lithography 

machine.  The roll-to-roll system replaces the wafer chuck assembly normally found on 

an imprint lithography tool.  Brushless DC motors control the torque applied to the 

supply roll and the wind-up roll, which in turn controls the tension in the imprint zone.  

Idle rollers position the web directly under the imprint module, as shown.  The idle 

rollers must have the capability of correcting for manufacturing errors that may cause in-

plane and out-of-plane errors, as discussed in Chapter 3.  A second XY-stage is shown in 

the figure.  The carriage of the stage includes an air-cavity chuck as discussed in Figure 

18 which provides the ability to control the convex contour of the flexible substrate 

during imprinting, and the XY-stage provides the ability to move the air cavity chuck 
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directly under the area to be patterned.  Multiple fields can then be imprinted without 

moving the web.   

 

Figure 32 Proposed design of next generation flexible lithography tool 

Here two designs are considered: (i) step and repeat (S&R) as shown in Figure 35, 

and (ii) a large area (LA) patterning system which is identical to Figure 32 with the XY 

stage removed.  Both designs address a fundamental problem with open span roll-based 

systems, which is that the web will sag between the two rollers.  This effect can be 

reduced by using high tension; however this may cause higher amounts of strain on the 

pattern than desired.  The proposed methods make use of back pressure on the substrate 

to counteract the effects of web sag.  The S&R machine uses a small puck, which has a 

vacuum ring around the perimeter, with a positive pressure zone in the center.  This puck 

is able to move relative to the roller system, which allows the puck to be placed directly 

under the area to be patterned.  The S&R design is capable of investigating alignment and 
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overlay correction methods currently used in multi-layer imprints done using imprint 

lithography on rigid substrates [3].   

 

 

 

 

 

 

Figure 33 Proposed methods of controlling the web surface shape on a roll-to-roll imprint 

tool.   

Figure 33 (A) and (B) represent a step and repeat style tool where back pressure is 

applied by a puck which moves to each imprint field at the same time as the template.  

A B 

C D 
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Figure 33(C) and (D) represent a high-throughput, large-area solution where the web is 

held down to the plate at its edges, while being pressurized along its span-wise centerline. 

The web is held down to the plate on the edges using vacuum force, while the centerline 

is under positive pressure.  While the web is moving, all zones are under positive 

pressure, which causes the web to float across the surface without making contact.  

Floating the web during movement will reduce scratching and contamination of the 

imprint due to particles.   

The green zones in Figure 33(B) and (C) represent the pattern area of one imprint.  

The S&R process is scalable to larger width webs with no negative effect on the 

alignment and overlay capabilities of the machine.  The large area design can be utilized 

in high throughput processes that do not require multiple imprinted layers, such as 

gratings, wire-grid polarizers, or photovoltaic applications (See Chapter 1). 

6.2 EVALUATION 

The next generation R2R tool must be designed and manufactured before 

experiments take place.  Once this is complete, experiments can be run to determine the 

sensitivity of the process to variables like: vibrations, roller misalignment, tension 

disturbances, web speed, etc.  These dynamic effects can manifest themselves as noise in 

the process output.  Experimental trials need to be conducted to characterize this 

sensitivity, and determine guidelines for optimal use of the tool. 

It is desirable that an inline measurement system for characterizing imprint 

quality must be developed for high-speed R2R imprinting.  Detection can be done via 

thickness measurements of the RLT, or by visual inspection and image processing.  It is 

important to detect defects inline, as opposed to post-process, because the web is a large 

area continuous substrate and the loss of yield can be significant in the absence of inline 
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inspection.  Defects as a result of improper control variables, or a fault within the tool, 

could produce an entire roll of unusable imprints.   

Development of the imprint tool, and the online process characterization, has the 

potential for high impact in nanopatterning applications.  The combination of precision, 

throughput, and cost structure of implementing J-FIL on flexible substrates motivates the 

continuation of this research.  
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