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Zusammenfassung 

In dieser Arbeit werden neuartige, dreidimensionale, weiche Hybridstempel entwickelt und hergestellt, 

um SCIL (Substrate Conformal Imprint Lithography) Prozesse zu realisieren, die keine unerwünschten 

Restschichtdicken enthalten. Bei dreidimensionalen Abformungen verbleiben normalerweise über die 

Stempelfläche variierende  Restschichtdicken auf den Wafern, die durch die üblichen Ätzprozesse nur 

schwer zu entfernen sind. In dieser Arbeit werden die hervorstehenden Teile eines hybriden Stempels 

von einer UV undurchlässigen Metallschicht überzogen, wodurch die Belichtungsbereiche der 

fotoaktivierbaren Abformmaterialien gezielt gewählt werden können. Die unbelichteten Flächen unter 

den hervorstehenden Stempelteilen werden später durch einen chemischen Entwicklungsschritt 

entfernt. Dadurch werden selbst unregelmäßige Restschichten mit nur einem zusätzlichen Schritt 

komplett vermieden. Die vom Metall ungeschützten Bereiche werden wie üblich belichtet und 

vernetzen sich zu unlöslichen Polymernetzwerken. Diese neue Technik vereint  somit die Vorteile von 

weichen Stempeln aus Polydimethylsiloxan (PDMS), die bei SCIL verwendet werden, und  die 

selektiven Belichtungsmöglichkeiten der Fotolithografie durch metallbeschichtete Masken. Die 

Metallisierung von Polymeroberflächen ist eine sehr schwierige Aufgabenstellung. In dieser Arbeit 

werden hierfür mehrere Techniken, wie z.B. die Oberflächenaktivierung über Sauerstoffplasma oder 

die Oxidation durch ultraviolette Bestrahlung der PDMS Stempel, getestet und charakterisiert. Die 

Technik von Owens & Wendt und goniometrische Messungen werden genutzt, um die Kontaktwinkel 

und die Oberflächenenergie der behandelten PDMS Oberflächen zu bestimmen. Durch die 

Kombination der Methoden zur Oberflächenaktivierung wird der Kontaktwinkel zwischen PDMS und  

Wasser von 135° zu 20° verkleinert. Mit einer Rauigkeit von unter einem Nanometer und der sehr 

kleine Oberflächenenergie ist die PDMS Oberfläche nun für eine Metallisierung sehr gut geeignet. 

Geeignete Metallbeschichtungstechniken und deren Strukturierung auf aktivierten PDMS Oberflächen 

wurden experimentell ausgewertet. Die Kombination einer Zwischenschicht Titan (5 nm) und einer 

Goldschicht (80 nm) führten hier zu den besten Beschichtungsergebnissen. Erwähnenswert ist die 

große Schwankungsbreite der Restschichtdicke zwischen 10-80 nm der konventionellen 

Nanoimprinttechnik. In dieser Arbeit, in der die selbstentwickelten hybriden Stempel verwendet 

werden, wird eine optimale Restschichtdicke von 0 nm erreicht. Ohne Restschichtdicke verbesserten 

sich die optische Qualität sowie Oberflächenrauigkeit (< 2nm) der Imprintergebnisse und erhöhte sich 

der Durchsatz von 3D SCIL. Zusätzlich wird die Formtreue der Imprintstrukturen um 90% erhöht und 

so auch das Aspektverhältnis verbessert. Selbst wenn  man Standardstempel nur mit einer Monolage 

Titan versieht, wird der Kontaktwinkel zwischen Stempel und Abformmaterial kleiner. Dies führt zu 

einem verbesserten Füllfaktor des Stempels um bis zu 80%.Ein wichtiger Teil dieser Arbeit besteht 

darin, die neuartige Imprinttechnik zur Verbesserung einer Anwendung zu verwenden. Hierfür wurde 

die Herstellung eines Fabry-Pérot (FP) Filter Arrays gewählt. Diese Objekte verwenden abstimmbare 

Luftkavitäten, um die Transmissionswellenlänge einzustellen. Die Kavitäten werden in definierten 

Bereichen in eine „Opferschicht“ geätzt. In diesem Schritt werden jedoch unbeabsichtigt zusätzliche 

Bauteile angegriffen, was zu einem unerwünschten optischen und mechanischen Verhalten der 

Filteranordnungen führt. Durch das Stempeln der Luftkavitäten mit unserem Verfahren entfällt der 

Ätzschritt und dadurch entfallen auch diese Nebeneffekte. Die Experimente führen zu guten 

Ergebnissen für die Herstellung der Kavitäten in einer großen Spanne unterschiedlicher Filtergrößen. 

Zusammenfassend lässt sich sagen, dass sich weiche Hybridstempel sehr gut eignen für die 
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Strukturierung von 3D Kavitäten für FP-Filter-Arrays in Hinsicht auf die mechanische und optische 

Qualität der Endprodukte. 
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Abstract 

Hybrid 3D soft templates are designed and evaluated for residual layer free 3D imprinting in UV-

Substrate Conformal Imprint Lithography (SCIL). 3D imprinting usually results in laterally varying 

residual layers, which cannot be removed by conventional etching processes in a satisfactory manner. 

The hybrid templates introduced in this thesis are hybrid in a way that their template protrusions are 

enclosed with a UV-blocking metal layer, by this means selective UV curing of the resist material is 

attainable. Hence, the resist parts underneath the template protrusions remain uncured (Residual layer), 

and the resist in all other places becomes completely cured. Later on, the uncured residual layer areas 

are removed by the chemical development process. Thereby, a complete removal of the residual layer 

between the imprinted structures is attained in a single step, despite its non-uniformity. Also, this novel 

technique combines the advantages of conformal imprinting with Polydimethylsiloxane (PDMS) 

templates and selective UV-blocking advantages of conventional photomasks. As metallization of 

polymeric materials like PDMS is an extremely challenging task, various PDMS surface modifications 

techniques like oxygen plasma, and UV surface oxidation treatments are investigated and 

characterized. Owens & Wendt’s and goniometric measurement techniques are used to determine the 

contact angle and surface energies of the oxidized PDMS material. A combinational effect of oxygen 

and UV-oxidation decreased the contact of PDMS to 20° with a surface roughness < 1nm, making its 

surface perfectly suitable for metallization. Suitable metallization techniques over oxidized PDMS and 

structuring of the metals are experimentally evaluated. A combination of Titanium (5 nm) and Gold 

(80 nm), delivered a very good deposition quality and bonding to PDMS. Hence, the fabrication of 

hybrid templates with structured metal on its protrusion areas is successfully accomplished. Note that 

the conventional residual layer with UV-Nanoimprint varies between 10-80 nm. Within this work 

using the hybrid technique a residual layer of 0 nm thickness is attained. This residual layer free 

imprinting boosted the optical quality, throughput and surface roughness (< 2 nm) of the 3D SCIL 

process. Also, there is up to 90 % enhancement in maintaining the imprinted structure dimensions is 

achieved, thereby enhancing the aspect ratio. Standard PDMS templates are modified by depositing a 

monolayer of Ti over it. This modification decreased the contact angle between the resist and the 

template, thereby increasing the resist filling in the template cavities up to 80%. In addition to residual 

layer free imprinting, the hybrid templates are beneficially applied for the fabrication of Fabry-Pérot 

(FP) filter arrays. Micromachined optical FP filters with air-gap cavities enable a spectral tuning of the 

transmission wavelength. The air-gaps are created by etching the sacrificial layer in only desired 

locations. During the etching process, the filter supporting posts might also be etched along with air-

gaps, resulting in undesired deformation in optical and mechanical properties of the filter array. The 

novel 3D hybrid templates are utilized and successfully implemented to imprint the sacrificial layer 

only at desired filter regions. With the principle of structuring the sacrificial layer, the under etching 

of the air-gaps for diverse filter sizes is effectively achieved in a solitary step. Henceforth, imprinting 

of the 3D filter cavities for FP filter arrays using the novel hybrid soft templates reveals a decent 

fabrication quality of the filter array and avoids a noticeable distortion of the filter supporting posts 

during the creation of air-gap cavities. 
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Chapter 1 

Introduction and Motivation 

Nanoimprint lithography (NIL) is a potential technique for patterning micro and nanoscale 

structures in developing fields of science and industry. The ultra-high resolution and flexibility 

attainable with NIL is neither restricted by diffraction nor surface scattering. Therefore, the 

resolution obtained is higher than conventional high-end lithography techniques like X-Ray or 

Extreme UV lithography [1][2]. As Moore's law is approaching its limit, which is due to (i) 

physical limits of conventional lithography and (ii) elevated equipment costs and process 

intervals [3]. Emerging technologies like NIL are significant, simple and effective lithography 

method for high resolution patterning. NIL combines the throughput speed of photolithography 

and lateral resolution of electron beam lithography. On the other hand, this empowers 

application fields in which large functional areas in which high-resolution with identical 

nanostructures or 3D resist patterns are needed [4], bridging the gap between research & 

development and industrial manufacturers. The resolution in NIL is mainly dependent on 

mechanical influences associated with the imprint process related to viscosity and elasticity of 

imprint material. Hence, nanopatterns with sub-10nm resolution limit and also 3D patterning 

with high resolution are successfully achieved [5][6]. 

It is commonly referred that Stepen.Y.Chou and his team developed NIL [7]. Their work 

attracted great attention, and subsequently, various NIL technologies like Microcontact 

imprinting, UV/Thermal NIL [8], Reverse NIL [9], Roll on NIL [10] and many other variations 

have been developed since past two decades. NIL has vast application capacity ranging from 

wafer level optics to bio-MEMS [11][12]. UV-Substrate Conformal Imprint Lithography 

(SCIL), which is an enhancement of UV-NIL is a very efficient technique for conformal 

imprinting over flexible/non-flexible substrates with lateral and vertical structure deformation. 

Substrate conformal imprint techniques make use of capillary forces to fill the resist material 

into the imprint templates [13][14]. Hence, a very slight contact force ~ 0.02 mbar is required 

during the imprint process. Subsequently, pattern deformation is attained. These minimum 

forces and the capillary effect, leave a laterally varying residual layer [15]. Templates with 

uniform patterns leave a thin and uniform residual layer, different etching methods can be used 

to remove this type of residual layer. In the case of templates with 3D patterns, deeper cavities 

on the template are filled with more resist, leaving behind the thinner residual layers. Similarly, 

hollow cavities are filled with a smaller amount of resist, eventually leaving thicker residual 

layers. Hence, the residual layer is highly non-uniform in the lateral direction, and it is nearly 

impossible to remove it by standard reactive ion etching process steps. However, the laterally 

varying residual layer present between the imprinted structures is inevitable, despite various 

NIL techniques being used. Emerging and fast growing industrial applications like flexible 

electronics, bio-MEMS and microfluidic devices, residual layer free 3D imprinting over 



  

2 

 

flexible substrates are essential and are of great demand. In this respect, many residual layer 

removal techniques like combined nanoimprint lithography[16], reverse NIL [9], step, and 

flash[17], Roll on NIL [10], Stencil lithography and particle replication NIL(PRINT) [18] etc, 

have been developed for minimization or removal of residual layers on rigid substrates. 

However, a complete residual layer removal technique with 3D PDMS soft templates has been 

never addressed in the state of the art of NIL up to now. 

Novel hybrid 3D soft templates for residual layer free imprinting are proposed and discussed 

in detail in this thesis, to overcome the laterally varying residual layer with 3D soft NIL and 

SCIL process and to promote the state of the art. Hence, the first and foremost objective of this 

work is to design and fabricate hybrid PDMS templates. These hybrid templates are a 

combination of Polydimethylsiloxane (PDMS) templates and selective UV-blocking metal 

layer on its protrusions. But deposition and structuring of metal on PDMS substrate is 

extremely difficult. Therefore, different PDMS surface modification methodologies and metal 

structuring techniques like Oxygen plasma oxidation and UV-oxidation are addressed and 

characterized. Owens & Wendt’s and goniometric measurement techniques are used to 

determine the contact angle and surface energies of the oxidized PDMS material. The PDMS 

template protrusions are structured with UV-blocking metal layer by taking into consideration 

different surface modification and metallization techniques. By this means, selective UV curing 

of the resist material is attainable. Hence, the resist underneath the template protrusions remain 

uncured (Residual layer), and the resist in all other places becomes completely cured. Later on, 

the uncured residual layer is removed by the developing process. Hence, complete removal of 

the laterally varying residual layer is successfully attainable without any conventional etching 

steps. The second most motives are to apply the hybrid templates effectively in the fabrication 

process of Fabry-Pérot (FP) filter arrays. 

Optical spectroscopy is an important measurement method and study of spectral absorption 

and emission of matter in the ultraviolet (UV), visible and infrared Range (IR) ranges. Since 

the accusation data speed and sensitivity of spectrometers are very amazing, they are of 

excessive demand nearly in all areas of science and industrial production [19][20]. 

Spectrometers embedded in electronic gadgets like mp3 players, blood glucose measurements, 

robotic sensors, etc. are desirable in present days in the semiconductor and microelectronic 

device market [21][22]. Nevertheless, conventional spectrometers are bulky, expensive and not 

appropriate for cost-effective mass production [23][24]. Hence, robust miniaturization of 

spectrometers with minimum physical dimensions and high spectral resolution are highly 

desirable, to compete with Moore’s law and the developing industry [25][26]. 

Miniaturization of spectrometers based on micro assembly and grating based MEMS processes, 

presently lead the present-day market [25][27]. However, there exists a great compromise 

between minimizing to compact size and at the same time attaining high spectral resolution. 

Also, miniaturization with low-cost for mass production is challenging. Merging high optical 

resolution with compatibility in size is highly demanded, and it is a vital parameter in smart 

device applications. Fabry-Pérot (FP) filter based miniaturization enables enhanced spectral 

resolution, independent of the lateral dimension of the filter [28][29][30]. In the present day 

industry,  miniaturized FP filters exhibited a progressive potential due to their high spectral 
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resolution, Full-width half maxima, and compact lateral structure dimensions [31]. Apart from 

miniaturization, these filter arrays offer a precise match to commercially available detectors, 

along with flexible spatial spreading. An array of miniaturized spectrometer can be directly 

built or bonded to these detectors while each detector corresponds each individual filter. An FP 

filter consists of two highly reflective Distributed Bragg Reflectors (DBR) mirrors, separated 

by a cavity distance. The cavity height determines the spectral position of each filter. The 

miniaturized spectrometers based on FP filters are classified into two major parts (i) static 

sensor arrays and (ii) tunable optical sensor arrays [32][33]. Initially Correia et al. developed 

static filter arrays by uniting FP filter arrays plus 16 cavity heights and photodiodes to sense 

16 diverse wavelengths [28].  Correspondingly, S.W. Wang et al. realized a comparable 

assembly and protracted it to 128 different wavelengths [34]. However, these techniques 

require a complex fabrication process steps, including a series of photolithography and etching 

steps which affect the surface properties and optical quality of the filter cavities. Hence, 

X.Wang et al. have developed 3D PDMS soft templates, with 64 different cavity heights at 

Institute of Nanotechnology and Analytics (INA). These 3D templates along with SCIL are 

used to imprint 64 different cavity heights (in nanometer range) for an FP filter array. Thereby, 

these devices are named nanospectrometers, due to the application of  3D nanoimprint leading 

to vertical resolution in the nanometer range [6][35]. 

In this thesis detailed explanation and design of tunable FP filter is presented. Tunable filters 

enable micromachined tuning between the DBRs. The tuning is allowed by forming an air gap 

cavity, by etching of the sacrificial layer between the two DBRs [28][32]. Depending upon the 

actuation capability and air-gap of the filter, the tuning range can be determined and is detected 

by commercially available detectors. While fabricating an array of filters with different cavity 

dimensions, etching of sacrificial layer takes place from all directions and affecting the optical 

and mechanical properties of the air gaps as well as the supporting post of the filter array. Thus, 

when an array of filters with different filter sizes and dimension are present on a single sample, 

etching of air gaps requires precise individual monitoring. Hence, patterning of the sacrificial 

layer, only at the filter cavity regions is highly desirable. Facing this challenge, the soft hybrid 

templates are investigated and successfully implemented to imprint the sacrificial layer of the 

filter design with the goal of having no sacrificial layer thickness at the supporting posts of the 

filter. 

This thesis includes five chapters: 

 Chapter 1: Outline and motivation of this thesis 

 

 Chapter 2: This chapter provides an overall introduction to nanoimprint lithography. 

State of the art of nanoimprint lithography is presented in section 2.1, and a detailed 

overview and classification of nanoimprint techniques are given in section 2.2-2.4.  The 

concept of the residual layer in nanoimprint and its removal techniques are detailed in 

section 2.5 and section 2.6, respectively. 

 

 Chapter 3: It introduces theoretical basics of the FP filters in section 3.1 and gradually 

fading into thin films and optical properties of FP filters in sections 3.2 and section 3.3. 
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The state of the art of FP filter based spectrometers and the current geometric design of 

tunable FP filter at INA are detailed in section 3.5.  

 

 Chapter 4: This chapter presents essential fabrication technologies for the development 

of hybrid 3D SCIL templates. With the main focus on mask aligner, etching techniques 

and deposition process in sections 4.1, 4.2 and 4.3, respectively. In section 4.4, the 

required metrologies for surface topography characterization are discussed. 

 

  Chapter 5: This chapter gives a comprehensive explanation of physiochemical 

properties of PDMS in section 5.1 and 5.2 and its surface modification by oxygen 

plasma and UV oxidation are detailed in section 5.3.  

 

  Chapter 6: This chapter is the heart part of the thesis, which deals with motivation and 

development of hybrid 3D soft templates. The experimental results of residual layer 

imprinting, aspect ratio enhancement with hybrid 3D templates are presented. Section 

6.4 provides a detailed experimental process and their results for oxygen plasma and 

UV oxidation. Section 6.5 presents the suitable metals and metalization for PDMS and 

their structuring. The residual layer free imprint results and experimental details are 

summarized in Section 6.6.  The enhancement of the aspect ratio and resist filling are 

presented in sections 6.7 and 6.8, respectively. 

 

 Chapter 7: This chapter presents the negative effects of using standard soft templates in 

FP filter design, detailed in section 7.1 and in section 7.2 and 7.3, the experimental 

results and procedures for imprinting FP filter cavities using hybrid 3D templates are 

comprehended. 

 

 

 

 

 



  

5 

 

Chapter 2 

Fundamentals of Nanoimprint Lithography  

2.1 State of  the Art: Nanoimprint Lithography 

It is addressed that Stepen. Y. Chou and his team coined Nanoimprint (NIL) by imprinting 

polymer resist with hard templates in 1995 [5][7]. Their work fascinated other researchers 

towards patterning micro and nanodevice fabrication. Alternative to NIL, soft lithography has 

been developed by Whiteside’s group in the 1990’s[36]. In the 2000’s various daughter 

nanoimprint technologies like Microcontact imprinting, UV- NIL, Reverse NIL and many other 

have been developed [9][37][38]. Around 2005, Substrate Conformal Imprint Lithography 

(SCIL), a soft lithography technique has been developed by SUSS Micro Tec and Philips 

research, combing the advantages of NIL and soft lithography [13][14]. High-resolution 3D 

patterning with SCIL with vertical resolution < 1 nm, has been developed by Wang et al. in 

2010 [39]. Later in 2010, Suss Microtec Imprint Lithography Equipment (SMILE) has been 

developed by Suss Microtec, for wafer level Microlens imprinting. This technology promoted 

progress in wafer level optics and double side patterns with high TTV control and process 

flexibility [40]. NIL is a very efficient and simple technique as its resolution is not limited by 

different and minimum cost of production.  

NIL is not just a lithography technique, but it has versatile applications in direction of 

patterning and molding of polymeric materials. It is considered as next generation lithography 

by International Road Map for Semiconductor (IRMS) due to its ultra-high resolution, 

flexibility and high throughput. It’s been also stated as one of the ten most emerging 

technologies that changes the world in future by MIT in 2003 [41]. UV-NIL enables the imprint 

of nanopatterns with sub-10-nm resolution, surface uniformity of +/- 5 nm and low pressure 

(0- 5 mbar). SCIL lithography provides resolution < 70 nm, surface uniformity of +/- 5 nm and 

requires minimal pressure (< 0.5 mbar). Whereas, the resolution limit with UV-proximity 

lithography (Hard contact-365nm) is limited to 125 nm. The pattern process time takes few 

minutes to process an 8-inch wafer, which can be attained by soft lithography techniques. Being 

addressed as next generation lithography, it’s been applied also in the interesting fields of 

organic electronics, photonics, wafer level optics, etc. [11][12][42]. 

2.2 Classification of Nanoimprint Techniques 

Nanoimprint process is mainly dependent on the mechanical properties of the structured master 

template and the physio-chemical properties of the imprint material. Patterning of the imprint 

material is done by pressing the template into the resist until the material is in conformal contact 
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with the template surface. Once the resist material is in complete contact with the template, the 

method of curing the resist material from viscous to solid state is chosen [43][44]. Fig 2.1 

represents the basic and generalized process of any NIL process. Despite different 

methodologies of NIL, imprinting, curing and separation are three basic, and standard process 

steps. Hence, categorization is done at two stages: 

 

 Type of curing method: Thermal and UV curing  

 

 The templates used for patterning the resist material: Hard, Soft, and Hybrid 

templates.  

 

 

 

Figure 2. 1 (a) NIL template and a substrate spin coated with imprint material (b) patterning of the imprint material and 

curing (c) separation of the template from the patterned material (d) final imprinted structures. 

Depending upon the application area of functional imprint material, the method of resist 

polymerization is chosen to be either thermally or UV curable [38]. Based on the surface profile 

of the substrate on which imprinting has to be done, the template material can be chosen to be 

either hard or soft. Hard templates are in general made of quartz or SiO2 materials and are used 

in thermal/hot embossing with high viscous resist materials [45]. Soft templates are made of 

flexible materials like organic polymers (PDMS) and are used for imprinting over flexible 

substrates, but these templates can only be used in the UV-curable processes like UV-NIL and 

SCIL. Hybrid templates are commonly silicon-based organic materials, but they are combined 

with higher stiffness materials to provide higher resolution and in-plane rigidity. Although Fig 

2.1 represents a generalized overview of the imprint process, optimization has to be done at 

each involved step. Spin coating or dispensing of imprint material is one of the important 
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aspects. The spin coating provides a simple fast and very uniform coating for all kinds of 

material, but spinning highly viscous, and hydrophobic resist material is very difficult at times. 

Hence, dispensing techniques like InkJet, Step &Repeat, which dispense the highly 

hydrophobic resist only at desired locations and avoid wastage of material are in high demand. 

But these techniques require additional tools for dispensing the material, which is not the case 

with spin coating. Fig 2.2 represents the schematic classification of NIL discussed in this 

section. Hybrid Soft templates for UV-SCIL are the main focus of this thesis.  

  

Figure 2. 2 Classification of Imprint processes and templates for NIL. 

2.3 Nanoimprint Templates 

The major aspects that has to be taken into consideration while choosing the template materials 

are the mechanical, optical and chemical properties. The chosen material has to provide 

adequate mechanical constancy during the imprint process cycle. The use of hard templates in 

the NIL method is mainly determined by (i) thermal stability, (ii) thermal expansion coefficient 

and (iii) Poisson ratio. Likewise, the properties that quantify soft templates materials are: 

(i) Surface roughness the template, (ii) Young’s modules and (iii) Notch resistance [4].  

Apart from these, the simplicity of etching the structures in the template material and the 

suitability of the applied materials to cleanroom environment has also to be taken into 

consideration.  
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2.3.1 Hard Templates 

Hard templates provide a very good resolution and lateral feature size. Quartz, silicon, metals 

or dielectrics are basically used as hard templates. Deep etching forms patterns of micro/ 

nanostructures into the hard templates e.g into the quartz material, which is performed by a 

series of optical or e-beam lithography and etching steps. Followed by a deposition of an anti-

sticking layer on the template, so as to enable easy separation of the imprinted resist material 

from the template. These hard templates are successfully implemented either in thermal NIL 

or UV-NIL process. However, with hard templates, the active imprint area is limited to a 4-

inch wafer, this is due to air trapping during the imprint process. Also, the imprint can only be 

done on ridge glass or silicon substrates. Though, with hard template based UV-NIL the half 

pitch feature size up to 6 nm is attainable. However, for larger area imprint in functional 

electronic and flexible electronic applications, imprinting over flexible substrates and 

imprinting up to 12-inch wafers are desirable [38][46]. SEM micrographs of imprinted 

structures sub-50 nm with hard template UV-NIL are shown in Fig 2.3. 

   

Figure 2. 3 SEM micrographs of imprinted structures using hard temple UV- NIL process. Original micrographs 

from  [47]. 

2.3.2 Soft Templates 

 Soft templates fabricated with polymer material like PDMS are of great interest and demand, 

to enable conformal imprinting over large flexible materials with minimum structure 

deformation. PDMS is a common material used for flexible electronic and nanofluid electronic 

devices. The major properties of PDMS material that made it suitable for NIL templates and 

other applications are its very low surface energy (22- 25mJm-2 ), which enables an easy 

separation of the template from resist material without the use of anti-sticking layer and 

external pressure, which is a must in hard NIL template. PDMS is also resistant to water and 

porous to gases, so that it can be used in fluid mechanics and gas transport channels. Finally 

due to its flexibility, it is very much suitable for large imprint area for mass production [12][48]. 

Transformation from hard to soft templates is necessary essentially to attain: 
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 High lateral/vertical resolution 

 Combining global flexibility and in-plane rigidity 

 Wafer scale conformal imprinting with both organic and inorganic materials  

 High aspect ratio patterning and low-cost template fabrication 

 Minimum surface roughness 

 Different structure shapes with different aspect ratios are imprinted in a single step  

 Cost efficient for mass production.  

 

Fig 2.4 (a) represents schematic of the 2D template with consistent patterns. Fig 2.4 (b) 

represents 3D templates with various pattern dimensions and aspect ratios. Cost efficient and 

high throughput 3D patterning is attainable only with PDMS soft templates. Hence, with 3D 

imprint, functional material for different applications with different geometric requirements 

can be imprinted in a single process step over large areas. As polymeric materials are UV 

transparent and have very low glass transition temperature, PDMS soft templates are majorly 

used in the UV-NIL process. 

 

 

 

Figure 2. 4 (a) Schematic of 2D a template with consistent patterns (b) 3D templates with various pattern dimensions and 

aspect ratios. Original figure from [49]. 

Unlike hard templates, in which the patterns are directly formed by etching into the quartz 

templates, soft templates are produced by replicating PDMS from master templates. The master 

templates are usually of GaAs, Silicon or glass substrates. The patterns are created in the master 

template by consecutive photolithography and etching steps. Later an anti-sticking layer is 

evaporated over the master template, so as to enable easy separation of PDMS template from 

the master surface. To replicate the soft templates, PDMS material is dispensed over the 

patterned master template and given certain curing time and heating so as to create the inverse 

patterns from the master template into a PDMS template [6][48][50]. The schematic process of 

PDMS template fabrication is shown in Fig 2.5. Hence, some working templates can be 

2D 
3D 

(a)                                                                            (b) 
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reproduced from a single master template. Also the PDMS and corresponding replication 

process are very cheap and faster than conventional hard templates, this enables a decrease in 

cost of production (CoP) up to great extent. Therefore, the time-consuming high-resolution 

patterning with e-beam lithography is attained within few minutes with soft NIL process. 

However, the resolution of the PDMS templates depends on the resolution of the lithography 

technique used to pattern the master template.  

 

Figure 2. 5 (a) Si/GaAs substrate (b) Structuring of Si/GaAs using photolithography (c) Etching of Si/GaAs substrate 

using reactive ion etching (d) Evaporation of anti-sticking layer onto the master substrate (e) Dispensing of PDMS on 

master substrate (f) Soft PDMS. 

Also, this process is a basic process of template replication. But the precise thickness of PDMS 

for high-resolution imprinting is controlled by a Master Replication Tool (MRT) from SUSS 

MicroTec, which provides microcontroller spindles for thickness adjustments. Advanced 

techniques like wafer level optics, micromirror arrays, etc., make use of piezo controllers and 

active wedge error compensation techniques for precise PDMS template fabrication [51]. 

Template replication by an MRT is implemented in this thesis.   

2.4 Nanoimprint Process 

2.4.1 Thermal Nanoimprint 

Hot embossing and thermal NIL majorly use heating as the basic method for molding the resist 

materials. Therefore, thermoplastic material like PMMA was chosen as a resist material for 

these process. Thermal/Hot embossing NIL has a very good resolution limit and high aspect 

(a) 

(b) 

(c) 

 (e) 

   (d) 

(f) 
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ratio patterning capability. In hot embossing imprint process, both the resist materials and the 

templates is preheated at 120oc and during the process step, the template is pressed against the 

substrate with a specific amount of pressure for the precise duration. The hot template provides 

sufficient thermal energy to the imprint material and allows transformation from viscous to 

solid state. After the imprint process, the template is separated from the imprinted patterns by 

applying pressure on the back of the template.  

In Thermal NIL process, only the resist material is preheated, and the imprinting is done above 

glass transaction temperature (Tg). Later the sample is cooled down below the glass transition 

temperature, while the template is still in contact. Subsequently, the template is separated from 

the substrate, and the imprinted pattern is formed in the polymer layer [8][45]. Whereas in Hot 

embossing both the template and resist materials are preheated and the imprinting is done at 

room temperature. For patterning functional materials in nanoelectronic and wafer level optics 

applications, imprinting with thermoplastic polymer affects the mechanical and optical 

properties of the functional material. In such cases, these techniques result in deformation of 

the imprinted structures due to thermal expansion and compression of the thermoplastic 

polymers.  

 

Figure 2. 6 (a) Hot embossing NIL (b) Thermal NIL techniques. Original figures from [49] . 

Also, only hard templates made of Si/SiO2 or metals are compatible with these techniques and 

hence, imprinting over flexible substrates, and 3D nanoimprint cannot be implemented with 

Thermal/ Hot embossing NIL process. The schematics of imprint process flow using Hot 

embossing and Thermal NIL are presented in Fig 2.6 (a) and (b) respectively.  

2.4.2 UV-Nanoimprint Lithography 

In contrast to the thermal or hot embossing discussed in the previous section, no thermal energy 

is applied in UV-NIL. Instead, the polymers used in UV-NIL form crosslinking and polymerize 

by UV radiation, similar to that of resist materials used in optical lithography. UV curing 

(a)       (b) 
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prevents mechanical and optical deformation of the imprinted patterns. In this approach, the 

transparent template is imprinted into the resist material and then UV-light is illuminated 

through the template, resulting in curing of the polymer material. Hence, the templates used in 

UV-NIL are usually made of UV transparent materials like fused silica or PDMS [4][38][52]. 

 

Figure 2. 7 (a) Quartz template for UV-NIL (b) Imprinting on a UV-curable resist material (c) Exposure to UV to cure 

the resist material after the imprint process (d) Separation of the template from the imprinted structures (e) RIE etching 

for removal of residual layer after the imprint process. 

The process implemented by transparent hard templates are referred as UV-NIL and with 

PDMS templates are stated to as Soft UV-NIL. UV curable polymers are also suitable 

functional materials for most of the applications in nanoelectronics, for nanofluid device and 

many other photonic applications. A schematic of UV-NIL is presented in Fig 2.7. The process 

flow of UV-NIL similar to that of thermal NIL, whereas in this process UV radiation in applied 

rather than heat for molding the resist material. 

Hence, the major advantages of UV-NIL are: (i) no thermal expansion coefficient mismatch 

between the imprint material and the template, (ii) imprinting can be done at room temperature 

and resists with very less viscosity can be also be imprinted [53]. In general, with UV-NIL or 

T-NIL, reactive ion etching process is implemented to remove the residual layer between the 

imprinted features after the imprint process.  

Substrate 
Substrate 

Substrate 

UV curable material 

Substrate 

UV-NIL Template 

UV-NIL Template 
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2.4.3 Substrate Conformal Imprint Lithography (SCIL) 

Substrate conformal imprint lithography is a variation of soft UV-NIL, and it is the main focus 

of this thesis. Although hard template provides a very good in-plane rigidity and a very high 

resolution / feature size, they have a very limited active area of imprinting. Besides, hard 

templates can only be used to imprint over the rigid substrate. On the other hand, soft templates 

can be used for large area conformal imprinting, but there exists lateral size deformation due 

to high local flexible provided by PDMS. Therefore, SUSS MicroTec and Phillips together 

developed a novel lithography namely substrate conformal imprint lithography (SCIL).  

SCIL enables large area imprinting, resolution up to sub-50nm with minimum template 

deformation and high aspect ratio up to 1:5 and more. The soft templates for SCIL are a 

combination of soft and hard PDMS materials.  The hard PDMS has the high surface toughness 

and young's modulus than that of the soft PDMS [48]. The bilateral combination of soft and 

hard PDMS are attached to a flexible carrier. The flexible carrier along with soft PDMS enables 

conformal imprinting over larger areas, and the hard PDMS provides in plan rigidity, thereby 

combining both high resolution and larger area imprinting in a single step.  The soft template 

of SCIL process is attached to the template holder using vacuum grooves. During the imprint 

process the vacuum grooves are switched off, thereby the template approach the substrate 

coated with UV curable resist material. The resist is filled into the template patterns by capillary 

forces, and a very low pressure of less than 0.2 mbar is applied during the imprint process. 

Then the sample is flooded with UV-exposure. Subsequently, after the imprint and curing the 

vacuum grooves are switched on and the template is sucked back to the template holder and 

thereby enabling automatic separation of the master template from the substrate. Whereas, in 

standard soft NIL process, the separation of the template from the substrate requires very high 

force from back side to enable separation. Thereby, lateral deformation of the imprinting 

patterns are not alerted with SCIL process as no external force is applied. To fabricate the SCIL 

template, primarily the hard PDMS is spin coated over the Si/GaAs master template. The 

flexible carrier is attached to one side of the MRT, and the master template with hard PDMS 

is fixed to another side of the MRT by vacuum lock.  The soft PDMS is dispensed over the 

master template and the top lid with microcontroller spindles is lowered towards the soft 

PDMS, and the thickness of the template is adjusted by the microcontroller spindles. Fig 2.8(a) 

represents a picture of a SCIL template [13].   
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Figure 2. 8 (a) Picture of a PDMS soft template fixed on the mask aligner (b) Picture of a PDMS template after removal 

and ready for usage. Original pictures from [13]. 

Fig 2.9 represents the imprint process cycle of the SCIL process. Fig 2.9 (a) signifies SCIL 

template and substrate with UV curable resist. The Wedge Error Controller (WEC), adjusts the 

template and substrate parallel to each other before the imprint process starts. Fig 2.9 (d) 

represents the sequential imprinting process of SCIL by switching off vacuum grooves.  

 

       

 

   

Figure 2. 9 (a) SCIL template and the substrate with UV curable resist material, before the imprint process (b) Sequential 

imprinting process of SCIL by switching off vacuum grooves (c) Imprint finished and ready to UV cure (d) Sequential 

separation  after the imprint process, by switching on vacuum grooves Original figure from [13]. 

 

 

(a) (b) 

(a) 

(b) 
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The important process parameter with SCIL process is the WEC. It enables that the surface of 

that has to be imprinting is exactly parallel to the template holder. WEC offset is a unit less 

parameter ranging from -50 to 50. Positive WEC offset specifies that the gap is decreased 

between the template and the substrate. The negative WEC offset specifies that the gap between 

the template and substrate is increased. With latest equipment of SCIL from SUSS MicroTec, 

there exists an active WEC correction mode, this provides feedback to the system about the 

active gap setting and enables uniform conformal imprinting. Fig 2.10(a) represents an imprint 

over a particle, which proves its capability of the surface conformal ability of SCIL. Also due 

to the special design of SCIL very high density and aspect ratio structures are successfully 

attained. Fig 2.10(b) represents high-density patterns of 64nm of features size and 100 nm 

pitch. Fig 2.10(c) represents high aspect ratio structures of 1:3 ratio. 

 

 

  

Figure 2. 10 (a) Conformal Imprint over a particle with SCIL process (b) Imprinted structures with high density (c) High 

aspect ratio structures imprinted with SCIL. Original pictures from [13]. 

2.5 Fundamentals of Residual layers in Nanoimprint Lithography 

The residual layer is the major drawback present with the existing imprinting techniques. 

Residual layer is inevitable with NIL, despite the type of NIL being used. The thickness of the 

residual layer is mainly dependent upon the material properties of the resist material, like 

viscosity and surface energy. Secondly on the density of patterns on the templates, the 

geometry of patterns and initial resist thickness. As the viscosity of the resist decrease the flow 

of resist into the template structure increase and thereby the thickness of residual layer 

decreases. In addition to material properties, the backside pressure provided on the template 

also plays a major role in determining the residual layer. In the standard procedure, the residual 

(a) 

(b)                                                                         (c) 
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layer is removed by reactive ion etching process. Imprinting with 2D templates results in 

consistent lateral residual layer thickness. Moreover, during imprinting with hard NIL 

templates, external pressure is applied and thereby there exists minimum residual layer.  

A generalized formula for residual layer thickness is presented in Eq.2.1. 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠(R) =  (𝑇 − 𝐻) (
𝑁

𝑃+𝑁
)                                                               (2.1) 

Where, T is initial resist thickness, P is active cavities on the templates, N is an active protrusion 

on the template and H is structured heights [47]. The schematic of these parameters and the 

residual after imprint are shown in Fig 2.11 

 

 

 

Figure 2. 11 Schematic of the residual layer in NIL. Original figure from [47]. 

The residual layer is also related to the fill factor ⱴ (ratio of the area occupied by the features 

to the total template area). The thickness of residual layer including the fill factor is presented 

in equation 2.2 

𝑅 = 𝑇 −  ⱴ𝐻      𝑤𝑖𝑡ℎ       ⱴ =  
∑ 𝑃𝑖𝑖

∑ (𝑁𝑖 +  𝑃𝑖  )𝑖
                                         (2.2)  

Whereas with SCIL process, as the resist filling is due to capillary forces and a very minimum 

stress is applied during the imprint process, there exists a very thick laterally varying residual 

layer. Also, imprinting with SCIL process using 3D soft templates results in non-uniform resist 

filling. The amount of resist filled by capillary forces is dependent on the volume of structures 

on the master template. Hence, structures with higher volume are filled the higher amount of 

resist and thereby leaving the lower amount of resist around the structures and hence, the 

residual layer. On the other hand, lower volume structures are filled with less amount of resist 

and by this means lesser residual layer. Fig 2.12 represents a schematic of the non-uniformly 

varying residual layer. 
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Figure 2. 12 Laterally varying residual layer with 3D SCIL process. 

 

Removal of such kind of residual layers using etching is not practical since etching results in 

over etching of thinner residual areas and incomplete etching of thicker residual layer areas. 

Many applications such as wafer level optics, DFB grating, etc., desire individual patterning, 

hence residual layer free patterning is highly enviable. Various techniques for complete 

removal and minimization of the residual layer are presented in the following sections. 

2.6 Residual Layer Removal Techniques 

Different residual layer removal techniques from the state of the art are discussed in detail in 

this section. 

2.6.1 Volume-equalized Soft Template Design for Uniform Residual Layers 

In this section a volume-equalized template design based technique developed at INA by Dr. 

I.Memon for formation of uniform residual layer thickness with SCIL process using 3D soft 

templates is summarized [54]. The volume-equalized template design is based on the concept 

of controlling the diversity in the vertically varying heights in an array, by arranging them in a 

specific manner. By optimization of the heights distribution on the template, the variation in 

the residual layer on the substrate can be controlled during the imprint process. The template 

design in this technique consisted of 64 different heights. These 64 heights are distributed in 

16 units with each unit encompassing of 4 heights, shown in Fig 2.13. The major modification 

made in this volume-equalized template design and fabrication are (i) the average height of 

each unit and 8 heights in a row are kept nearly same (ii) all 16 units are designed such that 

their average volume is identical to the mean value of the 64 different heights and (ii) the 

location of individual height relative to its adjacent heights is taken into consideration. During 

soft template replication process, all heights are transferred as cavities in the soft template. Due 

to this volume-equalized template, all the 16 units are identical in volumes, therefore the 

amount of imprint material filled into the cavities of the soft template is the same, consequently 

producing uniform residual layer on the imprinted substrate.  

The fundamental units are indicated by A1 and A2 and the height variation in a unit is show in 

Fig 2.13.  The unit A12 is an additional unit that units the quadruple cavities from the adjacent 

units and thereby forming a unit similar to the fundamental units. By forming the additional 

unit A12, the filling factor of the individual cavities in each unit is not influenced by the cavity 

heights in the surrounding units, therefore each cavity in a unit is filled by same amount of 

Non uniform 

residual layer 



  

18 

 

imprint material, subsequently there exists uniform residual layer thickness [55]. The master 

templates are fabricated by etching desired heights into GaAs\Si substrates by a series of 

photolithography and etching process steps, as shown in Fig 2.5(a-c). Soft PDMS templates for 

imprinting purpose are fabricated from the master templates, as addressed in section 2.3.2.  

 

 

Figure 2. 13 Organization of 64 cavity heights into 16 units with each unit containing 4 different cavities, fundamental 

units are indicated by character units A1 and A2, where A12 represents a quadruple unit, formed by adjacent units. 

Original figure from [54]. 

 

The WLI measurement of the imprinted cavities is shown in Fig 2.14(a). The similarity in the 

color in the gaps between the heights indicate the uniformity of the residual layer thickness. 

The uniform residual thickness across the vertically varying heights are demonstrated in Fig 

2.14(b). The deviation measurement from the WLI measurements show a variation of only 2-

3 nm, this reveals a very uniform residual layer on the substrate imprinted using the volume-

equalized templates. This technique is usable for applications where laterally homogeneous 

residual thickness is desired but complete removal of residual thickness in between the 

imprinted structures is not possible, if desired.  
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Figure 2. 14 (a) WLI measurement of uniform residual thickness of the imprinted cavities with 64 different heights (b) 

the figure shows the surface profile of the imprinted structures and the residual thickness of first 8 cavity heights. 

Original figures from [54]. 

2.6.2 Combined Nanoimprint Lithography 

Combined nanoimprint lithography is a combination of nanoimprint lithography with selective 

UV curing property of optical lithography. This is allowed by structuring the hard NIL quartz 

templates protrusions with UV blocking material. A combination of Titanium and Nickel 

metals are used for UV blocking in this technique. UV curable resist materials are spin coated 

over a substrate. During the imprint process, the whole sample is flooded with UV radiation, 

which results in individual curing of the resist material. The areas beneath the UV transparent 

template are cured, and the areas beneath the UV blocking metals protrusion remain uncured.  

The uncured areas, which the laterally varying residual layer between the imprinted structures 

is removed by the development process, similar to that of the optical lithography process[16]. 

The schematic of this technique is presented in Fig 2.15. 

The SEM micrograph of the master template with 700 nm period grating structures is shown 

in Fig 2.16 (a).  The resist material used in this technique is SU-8. Fig 2.16 (b) represents SEM 

image of the imprinted pattern with standard imprint process and residual layer. Fig 2.16 (c) 

represents SEM micrograph of residual layer free imprinted structure with 700 nm pitch [16]. 

(a) 

(b) 
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Figure 2. 15 (a) hybrid template for residual layer free imprinting (b) Imprinting with the hybrid template and UV 

exposure (c) Cured and uncured resist areas after the imprint process (d) Residual layer free imprint are removing the 

uncured residual areas. Original figure from [16]. 

 

 

 

  

Figure 2. 16 (a) SEM micrograph of the master template with 700 nm period grating structures (b) SEM image of the 

imprinted pattern with standard imprint process and residual layer (c) SEM micrograph of residual layer free imprinted 

structure with 700nm pitch. Original pictures from [16]. 

2.6.3 Reverse UV-NIL 

Reverse nanoimprint lithography is one of the most efficient techniques for residual layer free 

imprinting. As the name indicates, the process steps are exactly reverse to that of standard 

(a) 

(b) (c) 
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imprint technique. In this technique, the UV-curable resist is spin coated on the master template 

rather than the substrate, such that the resist material is filled into the template trenches and 

forms the replica of the master template. Later the template is placed in contact with the 

substrate (glass or silicon wafer), and a slight amount of pressure is applied from the back of 

the template and hence, the resist patterns from the master template are transferred to the 

substrate material and thereby forming mirror pattern of the master. For an easy pattern transfer 

to take place, the template and substrate materials are chosen such that, the surface energy of 

template is less than that of the chosen substrate. Hence, the adhesion of resist to the substrate 

is higher than the template. To enable complete removal of residual layer, the master template 

is structured with the UV-blocking metal layer as in optical photolithography masks. The 

thermoplastic polymer layer is used as promoting layer on the master template, before spin 

coating the UV-curable material. During the imprint process, thermal energy is also applied 

along with UV radiation. After the imprint process, the imprinted substrate is developed in the 

developer solution to remove the uncured resist areas [9]. Thereby, residual layer free 

imprinting is attained with reverse contact UV-NIL. Fig 2.17 (a) represents master template 

and thermoplastic and UV-curable polymer spin coated over the master template 

 

Figure 2. 17 (a) Quartz metal template for reverse contact UV-NIL and spin coating thermoplastic and UV-curable 

material over the template (b) Imprint process and residual layer removal with reverse NIL.Original figure from [9]. 

 Fig 2.17 (b) represents imprint process with the reverse contact UV-NIL and development of 

uncured areas. Reverse nanoimprint is mainly implemented in multi-layered nanochannels in 

nanofluidic applications, for fabricating 2D photonic crystal arrays, for gold and optical grating 

and imprinting functional layer in many optical devices. Although reverse nanoimprint is 
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successfully implemented for the 2D pattern, spin coating over 3D master templates does not 

enable complete filling of micro/nanostructures. Hence, reverse contact with 3D structures 

results in non-optimal vertical resolution of the imprinted structures. Also, Microcontact 

patterning with hard or soft templates is the same process as Reverse NIL but with soft 

templates, the patterning of structures with greater than 100 nm height are challenging. 

2.6.4 Roll-on Nanoimprint Lithography 

The inspiration to include a rolling process in nanoimprint lithography is to facilitate 

continuously patterned large areas over flexible and non-flexible substrates. This technique 

drastically enhances the throughput and also the speed of imprint is double than that of standard 

UV-NIL.  The feature size of 70nm is attainable with roll on the imprint. Roll-on is a 

combination of mechanical molding along with UV curing. As the name indicates, the master 

templates are rolled over the resist-coated substrate [10][56][57]. The force used in this 

imprinting methodology is less than 200N. Hence, minimum structure deformation and high 

resolution are attained. The basic process on flexible substrates involves rolling of the substrate 

along with the master template, as shown in Fig 2.18(b). 

 
 

 

   

Figure 2. 18 (a) Quartz metal template for reverse contact UV-NIL and spin coating thermoplastic and UV-curable 

material over the template (b) Imprint process and residual layer removal with reverse NIL.Original figure from [10]. 

 

(a) 

(b) (c) 
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 A Certain amount of tension is applied to the combination to roll on, along with a combination 

of UV exposure. For rigid substrates, the entire process is the same but the difference in this 

process is, only master rolls over the rigid substrate, as shown in Fig 2.18(c). Roll on is one of 

the efficient and emerging technology for flexible and organic electronic applications. 

2.6.5 Particle Replication in Non-Wetting Templates (PRINT) 

Fabrication of residual layer free nanopatterns or particles with precise geometry is very 

promising with PRINT technique. Joseph DeSimone, a chemist, is the inventor of this process. 

This imprint method allows a very precise control over aspect ratio and feature sizes. For many 

applications in optoelectronics and photonics, PRINT proves to be an excellent solution. The 

imprint process of PRINT is a combination of soft template and reverse contact imprint. Firstly 

a silicon master template is prepared from sequential steps of lithography and etching process. 

Later, a fluorinated perfluoropolyether (PFPE) elastomeric is poured on the master template. 

The template is replicated from the master as that of SCIL process. For replication process, the 

soft template is filled with the polymer of interest with a myer rod to provide uniform filling 

of resist into the soft template along with high surface energy contact sheet.  

 

Figure 2. 19 (a) Fabrication of Si master templates and flexible replication template from the master (b) Filling of the 

soft templates with the resist material (d) solidification of the particle (e) Peeling off the particles and making them free 
.Original figure from [18]. 

The template is given required curing depending upon the resist being. Finally, the contact 

layer along with the resist are separated from the template, high pressure, and thermal energies 

are given for peeling. The high surface energy of the contact sheet, allows the capillary forces 

to keep the resist in the template trenches and the surrounding residual layer is kicked off due 

to high pressure during peeling. The final layer with solidified particles is separated into free 

particles. Fig 2.19 represents the complete process flow the PRINT process the master template 

fabrication to particle separation. Fig 2.20 shows SEM micrographs of particles grown with 

PRINT process. Hence, the major advantages of PRINT are (i) the arbitrarily shaped 2D 

nanoparticles can be formed with no residual layer, (ii) the easy removal of particles after the 

imprint process and  (iii) non -wetting materials in the process see Ref [18]. 
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Figure 2. 20 SEM micrographs of particles fabricated with PRINT process.Original micrographs from [18]. 

2.6.6 Self-Aligned Nanoparticles (SANS) 

Formation of residual layer self-aligned nanoparticles using a novel self-aligned dual template 

nanoimprint is developed at INA[58]. This novel technique provides self-alignment of the 

nanostructures and formation of nanoparticles, in one single imprint step by making using of 

dual sided molding templates. The process of SANS technique is shown in Fig 2.21.  

 

Figure 2. 21 (a) Fabrication of Si master templates and flexible replication template from the master (b) Filling of the 

soft templates with the resist material and solidification (c) separating off the free particles from the trenches.Original 

figure from[58]. 

 

5 µm 5 µm 
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Primarily the desired trenches shapes are formed into Si master templates by using e-beam 

lithography and deep dry etching process steps. The SANS soft templates are fabricated from 

the master templates using PDMS double casting technique. The curable imprint material, with 

which the nanoparticles have to be formed is filled into the PDMS template the filled PDMS 

template is molded, so as to emboss the imprint material into nanoparticles, as shown in Fig 

2.21(b).The embossing of the imprint material is either done by UV exposure or by solvent 

diffusion, later the PDMS template is demolded to the release the particles from the trenches 

of the template, as shown in Fig 2.21(b,c).The scanning electron microscopic images of the  

particles formed by SANS process are shown in Fig 2.22. With the PRINT technique discussed 

in section 2.6.5, the shape and size of the elements can merely be controlled only on one side 

of the substrate but this drawback is overcome by means of the SANS technique, which delivers 

good control of size, material and particle shape on both sides of the particles see Ref [58][59]. 

 

Figure 2. 22 SEM micrographs of particles fabricated with SANS process.Original figure from[59] 

2.7 Nanoimprint Applications 

Soft UV-NIL is a developing technology being used to produce various wafer level micro and 

nanodevices for nanoelectronics, optoelectronics, etc. Application areas of NIL can classify 

into two major classes:  

(i) Pattern transfer  

(ii) Wafer level patterned polymer devices.  

In pattern transfer applications, the imprint material is used as a sacrificial layer for succeeding 

process steps. Pattern transfer aims towards imprinting symmetric and 3D patterns over large 

areas while maintaining high resolution and throughput. The advancement in NIL has 

competed for the high-end lithography techniques and is used by electronic industry as an 

alternate lithography technique, as its minimum feature size is not limited by optical resolution 

limit. Pattern transfer by NIL consequences low cost of production, critical dimension control, 

and fast imprint cycles. NIL pattern transfer capabilities are mainly interesting in applications 

like High Definition TV projectors, Surface acoustic filter in cell phones, patterning hard disk 

drives, etc. NIL also has potential application in polymer device market. Its capacity for 3D 
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patterning with high aspect ratio paves the approach for wafer level microlens for cell phones, 

fresnel zone plates, canyon structures, skyscraper patterns, etc. NIL also allows a wide range 

of materials with various physio-chemical and specific optical properties and allows patterning 

of OLED, organic electronics and lasers. NIL application also includes pattern nanopillar 

arrays and fluidic device for DNA applications [4][5]. 
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Chapter 3 

Theoretical Fundamentals of Fabry-Pérot Filter based 

Spectrometers 

This chapter deals with the theoretical fundaments of micromachined optical Fabry-Pérot (FP) 

filters, mainly focusing on material and geometry aspects, filter design and optical properties. 

A short introduction into grating based spectrometers and FP based spectrometers is given. 

This chapter is organized as follows: In sections 3.1 to 3.4, the basics of FP filters and their 

optical properties are presented. In section 3.5, spectrometers are discussed and the state of the 

art of FP-based nanospectrometers is presented.  

3.1 Introduction 

In 1890's physicist Charles Fabry has developed an optical filter that was based on multiple 

beam interferences. Later in 1897, he along with Alfred Pérot  had developed an etalon called 

Fabry-Pérot filter and is later integrated into a design of  a FP filter based interferometer by 

these physicists [60]. The first interferometer or etalon consisted of two flat glass plates, with 

one side of the glass plates being a reflecting surface and their reflecting surfaces facing each 

other [30][61][62]. These reflecting surfaces enable 90% reflection of the light incident on 

them. A fraction of light incident on the reflecting plates is trapped between the reflecting 

surfaces and undergoes multiple reflections. In general, a FP filter is intended to transmit a 

single or several narrow transmission lines. In high quality FP filters or interferometers the 

reflecting surfaces are replaced and improved by thin-film Distributed Bragg Reflectors 

(DBRs), to ensure very high reflection quality. Today, FP interferometer based miniaturized 

spectrometers have been successfully implemented in sensor systems in industry and various 

fields of sciences [30][63][64]. Therefore, in the following sections characteristic optical 

parameters of thin-films and DBR’s will be concisely introduced and later the fundamentals of 

the nanospectrometer based on FP filters will be presented. 

3.2 Interference Phenomena of Light Waves with Thin-films 

Interference is a significant and primary phenomenon for implementing interferometers. In 

optical filters based on multiple beam interferences, superposition of light waves to form bright 

and sharp composite interference fringes of greater or lower amplitude is obligatory. While two 

or more plane waves traveling in space and time domain, the net amplitude as a function of 

(x,y,z,t) of these waves is stated by algebraic addition of their individual amplitudes.  

 

https://en.wikipedia.org/wiki/Wave
https://en.wikipedia.org/wiki/Amplitude
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Figure 3. 1 (a) constructive interference formed on the screen by two light waves, which are in phase (b) destructive 

interference formed on the screen by two light waves, which are out of phase by π radians (c) the path disparity with the 

two light waves r1 and r2.Original figure from [65]. 

The illustrious Young’s double slit experiment demonstrates the wave nature of light, in which 

light waves approach the double slit as a plane wave with vertical incidence and pass through 

a double slit, revealing diffraction. Diffraction occurs since the slit width and the small 

separation between the slits are all in the order of the wavelength. Following Huygen’s 

principle, all points inside the slits are sources of spherical elementary waves. In the first 

approximation a single point is considered inside each slit (S1, S2) only. The interference of 

these two waves are observed in point Q as a constructive interference [Fig.3.1(a)] and as a 

destructive interference in point R [Fig.3.1(b)], respectively. The nature of interference at a 

point on the screen is determined by the amount of path dissimilarity among the two waves 

traveling from the slits (S1 and S2) and hence their phase difference. The path disparity with 

the two light wave’s r1 and r2 is represented by δ = r2-r1, presented in Fig. 3.1(c). The condition 

that the waves reveal constructive interference on the screen is that their path difference δ must 

be equal to integer multiples of the wavelength 𝜆 or must be zero (Eq.3.1). If this condition is 

satisfied, the two waves r1 and r2 will be in phase and forms bright fringes on the screen, as 

shown in Fig. 3.1 (a) See Ref. [65][66][67]. 

 

𝛿 = 𝑑𝑠𝑖𝑛(𝜃)𝐵𝑟𝑖𝑔ℎ𝑡 = 𝑚λ, 𝑚 = 0, ±1, ±2, ….                                                                     (3.1)  

(a) (b) 

(c) 
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Where m is an integer. The integer chosen represents the order of the individual fringe in the 

interference fringes. 

The destructive interference takes place when the path difference δ is equal to odd integer 

multiples of 𝜆/2 (Eq.3.2), i.e. the two waves will be out of phase by π and will form a dark 

fringe on the screen. 

𝛿 = 𝑑𝑠𝑖𝑛(𝜃)𝐷𝑎𝑟𝑘 = (𝑚 +
1

2
) λ,       𝑚 = 0, ±1, ±2, ….                                                            (3.2)  

Interaction of light with thin-films is of great significance in the development of FP filters with 

highly reflective DBR mirrors. As the name indicates, thin-films are films having thickness in 

the order of the wavelengths of the electromagnetic wave. Thus, we have 1-2 nm thickness in 

the extreme UV and hundreds of nm in the visible range and several µm in the mid IR. 

 

Figure 3. 2 Interaction of light beams with a single thin-film. 

These thin-films are deposited using thermal or electron beam evaporation or plasma assisted 

deposition methodologies. Light waves traveling through a stack of thin-films, interfere 

constructively or destructively. To describe the singularities of the interaction of light with a 

stack of thin-films, initially a single thin-film is taken into consideration, and shown in Fig. 3.2, 

where the occurring refraction is not considered in this schematic diagram. The thin-film has a 

refractive index n2 greater than that of its surrounding medium with refractive index n1. As the 

light wave travels from the lower refractive index (n2) atmosphere to higher refractive index 

(n1) thin-film, it is either transmitted or reflected at the surface of the thin-film. The light beam 

that is transmitted into the thin-film reaches the bottom surface of the film and once again it is 

transmitted or reflected [61][66]. The reflected light waves from the top and bottom of the thin-

film combine and interfere constructively or destructively, depending on their relative phase 

shifts caused by optical path differences, as explained previously. Note that in most of the cases 

a mixture between the two border cases of full constructive or full destructive interference is 

occurring. 

When the relative phase shift φ equals to even multiplies of π (Eq.3.3) this results in 

constructive interference. 

 ∆𝜑 = 2𝑚𝜋,        𝑚 = 0, 1, 2, …                                                                                                     (3.3) 

On the other hand, destructive interference occurs when their relative phase shift is described 

by an odd multiple of π (Eq.3.4). 

(n1) 

(n2) 

(n2) 

Thin-film 

Reflected Beams 

Transmitted Beams 

Incident Beam 
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  ∆𝜑 = (2𝑚 + 1)𝜋,        𝑚 = 0, 1, 2, …                                                                                        (3.4) 

where m is an integer. 

The amount of light that is reflected or transmitted at the surfaces of the thin-film as well as 

the amount of phase jump at the interfaces is given by the reflection coefficients calculated 

from the Fresnel equations (Eq.3.5). As the light wave travels from the lower refractive index 

(n2) medium to higher refractive index (n1) thin-film, the beams reflected at the interface 

receive a phase shift of π radians See Ref [66]. In this case the reflection coefficient in Eq.3.5 

is negative. For angled incidence (not vertical) the phase shift shows different characteristic 

values. The reflection coefficient at the interface is approximated by 

𝑟 =  [
𝑛2 − 𝑛1

𝑛2 + 𝑛1
]                                                                                   (3.5) 

On the other hand, there exists a positive reflection coefficient if the light wave is passing from 

a high (n2) to a low refractive index medium (n1) and no phase shift is observed for vertical 

incidence.  

Now, taking multiple beam reflections and transmissions inside the thin-film as shown in 

Fig.3.3, the total normalized reflection (R) and transmission (T) intensities of the thin-film are 

given in equations 3.6 and 3.7 respectively.  

 

 

Figure 3. 3 Multiple beam reflections and transmissions inside the thin-film. 

 

The reflection or transmission mainly depends on the round trip phase shift resulting from the 

optical path differences. 

Neglecting absorptions in the medium 2, we receive for R and T (derived from Airy Formula): 

Total normalized reflection intensity (R) 

Thin-film 

              Reflected Beams  

 (n1) (high) 

    (n2) (low) 

  (n2) (low) 

Transmitted Beams 

Incident Beam 
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𝑅 =  

4𝑟2

(1−𝑟)2
𝑠𝑖𝑛2 (

𝜌

2
)

1 +  
4𝑟2

(1−𝑟)2 𝑠𝑖𝑛2 (
𝜌

2
)

                                                   (3.6) 

Total normalized transmission intensity (T) 

𝑇 =  
1

1 +  
4𝑟2

(1−𝑟)2 𝑠𝑖𝑛2 (
𝜌

2
)

                                                   (3.7) 

Where ‘r’ is the electrical field reflection coefficient at the interface and  𝜌 is the round trip 

phase shift resulting from the optical path differences inside the thin-film [68] [69][70][71]. 

Note that the normalization is performed in that way, that the incoming intensity is 1 (as often 

done in theory). 

3.3 Fundamentals of Disturbed Bragg Reflectors 

A single thin-film wouldn’t be sufficient to provide high reflection over a broad spectral range. 

Hence, a stack of thin-films is required to provide high reflectance and low absorption in FP 

filter applications. A stack of thin-films with alternating high and low refractive indices is 

called a Distributed Bragg Reflector (DBR) [66] [72]. In practical applications, multiple thin-

films whose optical thickness is a quarter of the wavelength are taken into consideration for 

high reflectance in interferometric applications. In a DBR providing high reflectance the thin-

films are periodic arrangement of alternatively high and low refractive indices [73][74][75]. A 

DBR is schematically shown in Fig 3.4. In the following it is shown that the quarter wave layer 

of the films have to be used according to Eq. (3.8) 

𝑑𝑖 =  
𝑚

4𝑛𝑖
𝜆𝑐,   𝑤ℎ𝑒𝑟𝑒 𝑚 = 1 , 2 , 3, . .                              (3.8) 

The index (i = 1, 2) is referring to the two different materials. 

Where di is the physical thickness and 𝜆𝑐    is the central wavelength (inside the material) for 

which the DBR has high transmission.  

In Fig.3.4 some of the ray patterns leading to reflections due to constructive interfence are 

schematically shown. At the top interface IA between air and the first higher refractive index 

film (n2), the reflected green colored beam experiences an additional phase shift of π. The red 

colored beam inside the quarter wave film experiences an internal phase shift of  π/2 on the 

way from the interface IA to the interface IB. Here the reflection occurs at the interface of high 

to low refractive index (IB), forming a phase shift of Δφ=0 (still red colored beam). The the red 

colored beam passing the entire quarter wave film experience a total round trip phase shift of  

π =  π/2 + 0 + π/2. Comparing the green and the red beam we have a zero phase shift (see in 

addition Fig. 3.5). In the similar manner the phases of all reflected light beams and their 

respective round trip phase shifts the relative phase shift (Eq.3.3) condition for constructive 

interference are summarized in Fig. 3.5.  
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Figure 3. 4 A stack of thin-films (Distributed Bragg Reflector) .Original figure from [76]. 

 

Figure 3. 5 Representation of phases of reflected light beams from a DBR .Original figure from [74]. 

From Fig. 3.5, it’s comprehensible that all the reflected waves are in phase with the initial 

incident wave. The relative phase shifts Δφ among all considered reflected waves always result 

in even multiples of 2π. Thus, from Eq.(3.3) the condition for constructive interference is 

always satisfied for quarter wave thin-films so that the DBR functions as an ideal high-quality 

reflector for interferometer applications [33] [77].  

To analyze the complicated interference of the DBR and to calculate the optical properties of 

the DBR, the strategy used for the Airy formula is not performable, since it is impossible to not 

to forget one out of multiples path options. The Transfer Matrix Method (TMM) however 

provides an elegant and much simpler way to calculate reflection and transmission spectra. 

However it is not intuitive as the above treated ray model. On the other hand, TMM simply 

allows the inclusion of absorption and material dispersion ni(). However, the result is 

extremely complex and not shown here. Therefore, dispersion and absorption are neglected in 

𝑛2 

𝑛1 

𝑛2 

𝑛1 

𝑛2 
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the following formula in which the reflectively (R) of the DBR is given by Eq. (3.9) [61] 

[78][79]. 

𝑅 =     [
1 −  (

𝑛2

𝑛1
)

2𝑝

(
𝑛2

𝑛𝑠
)

2𝑝

1 +  (
𝑛2

𝑛1
)

2𝑝

(
𝑛2

𝑛𝑠
)

2𝑝]

2

                                                         (3.9) 

Where, p is the number of periods (double layer of high and low refractive index thin-film 

layers) and where n2, n1, and ns are the refractive indices of high, low and substrate mediums 

respectively. From Eq.(3.9) the reflection of DBR is mainly determined by the refractive index 

contrast and the number of periods chosen. The reflectivity of the DBR can be improved by 

increasing the refractive index contrast between the thin-film materials or by increasing the 

number of thin-film layers [67][77][80].  

In the following two formulas dispersion and absorption are again neglected. The DBR’s are 

highly reflective over a spectral range called stopband, around the central wavelength 𝜆c. The 

spectral range of stopband Δ𝜆0 is given in Eq. (3.10).  

𝛥𝜆0 =  
4𝜆𝑐

𝜋
sin−1 (

𝑛2 − 𝑛1

𝑛2 + 𝑛1
)                                                      (3.10) 

The central wavelength 𝜆c of the DBR is determined by the period 𝛬 of the double layer 

including one high and one low refractive index layers and the angle of incidence (θ) via the 

Bragg condition.  Further details about thin-films can be found in Ref. [61]. 

Using TMM to calculate transmission and reflection spectra in the following, dispersion and 

absorption are of course considered. Fig. 3.6(a) shows a reflectance spectrum of a stack of 9.5 

periods of SiO2 and Si3N4 thin-films at a central wavelength of 550 nm. The destructive 

interference of the transmitted beams and almost zero transmittance close to 𝜆c, is presented in 

Fig. 3.6(b). The bands of high reflection and low transmission, in general, are called stop bands 

See Ref [63]. 

 

 

Figure 3. 6 (a) spectral reflectance band of a DBR (b) spectral transmission bands of a DBR .Original figures from [63]. 

(a) (b) 
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3.4 Fabry- Pérot Filters and their Optical Properties 

The FP filter consists of a pair of highly reflective DBR’s mirrors separated by a cavity 

distance, as shown in Fig 3.7(a). Also here TMM is used to calculate reflection and 

transmission spectra. In these spectra some specific wavelengths play a prominent role. If the 

cavity thickness dc is a multiple of half of the wavelength in the cavity medium, these 

wavelengths are those which can pass the filter by nearly 100% transmission. With other words, 

the cavity is in resonance for all these specific wavelengths forming a standing wave inside the 

cavity. More precisely, transmission is occuring inside a very narrow band of characteristic 

shape around these transmission wavelengths, foming so-called transmission lines (or filter 

lines or modes) [30] [66] [76]. 

 

 

Figure 3. 7 (a) FP filter with DBR reflectors separated by a cavity distance (b) reflection spectra of FP filter. Original 

figures from [76]. 

 

The desired transmission wavelength 𝜆T that will be transmitted is designed to be twice the 

product of refractive index and physical thickness of the cavity, given in Eq.(3.11). Thus the 

cavity thickness is adjusted such that it transmits only a single wavelength and reflects all other 

wavelengths. The transmission wavelength is shown in Fig 3.7(b) in the spectrum inside the 

stopband. 

λ T,m =  2
ncdc

m
                                                                                         (3.11) 

where, nc and dc are the refractive index of the cavity and the physical thickness of the cavity 

and ‘m’ is the transmission mode. As already mentioned above several filter transmission 

lines λ T,m  can occur. With other words: for the transmission condition the cavity thickness dc 

has to be a multiple (m) of half of the transmission wavelength in the medium. Therefore, these 

specific wavelengths fulfill the resonance condition and create modes as standing waves. The 

‘m’ also refers to the mode index. From Eq.(3.11) it is evident that the spectral tuning of the 

central wavelength can be obtained by changing the refractive index and the physical thickness 

of the cavity [61][76][81].  

(a) (b) 
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The spectral quality of the FP filter is characterized using some figure of merit parameters. 

These include: the Full Width at Half Maximum (FWFH), the Free Spectral Range (FSR) and  

the Finesse (ℱ) [61] [67][80], shown in Fig 3.8. 

 

Figure 3. 8 Transmission spectra indicating FWFH, FSR and Finesse of the FP filter. Original figure from [76]. 

The FWHH is the separation between the points, where the intensity has fallen to half of the 

peak transmission. Equations (3.12 – 3.14) are approximations (neglecting absorption in thin-

films). As shown in Eq. (3.12) the reflectivity R of the DBR has strong influence on the 

FWHM. 

𝐹𝑊𝐻𝑀 =  
𝜆𝑐

2(1 − 𝑅)

2𝜋𝑑𝑐√𝑅
                                                                                 (3.12)   

The FSR is defined as the spacing between adjacent transmitted modes, shown in Eq.(3.13)  

       𝐹𝑆𝑅 =  
𝜆𝑐

2

2𝑑𝑐
                                                                                                       (3.13) 

The Finesse (ℱ) is the ratio of FSR and the FWHM and the ℱ is only dependent on the 

reflectivity R of the DBR, shown in Eq.(3.14). 

ℱ =  
𝐹𝑆𝑅

𝐹𝑊𝐻𝑀
=  

𝜋√𝑅

(1 − 𝑅)
                                                                                (3.14) 

3.5 State of the Art Fabry-Pérot Filter based Nanospectrometers 

Optical spectrometers are of major importance in many fields of science and industry. Modern 

compact and user-friendly sensor technologies desire miniaturized spectrometers. 

Nevertheless, bulky and classy laboratory equipments are not suitable for the requirements of 

various industrial applications. However miniaturization of spectrometers involves great trade-

off between the spectral resolution and the lateral size of the spectrometers. Miniaturizing the 

standard optical grating spectrometers unfortunately involve a compromise between the 

physical dimensions and the spectral resolution [31]. The resolution of a grating spectrometer 

is the product of the diffraction order times the number of illuminated grating lines (periods). 
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For a specific application the wavelength is fixed and as a consequence also the amount of the 

grating period. Therefore, miniaturization of a grating spectrometer requires reduced number 

of grating lines, leading to a decrease in resolution. Also, miniaturization with low-cost of 

production is challenging [82][83].  

Since optical resolution and compatibility in size are the crucial, vital parameters in smart 

sensor applications, strong miniaturization based on FP filters has been envisaged and 

developed [30][84]. In FP filter based spectrometers, the resolution is independent of the lateral 

dimensions of the filter array. Therefore, they showed a great potential for high spectral 

resolution combined with compact lateral structure dimensions. Apart from this spectrometer 

miniaturization, they offer a precise match to commercially available Si based detector arrays 

(CCD or photo diode arrays). Hence, an array of the FP filters can be built over these CCD or 

photodiode detector arrays, while each detector corresponds to a single filter. That means the 

FP filter array matched to a detector array will provide a sensor array. This sensor array 

can be used as an optical micro spectrometer.  

As discussed in the previous sections, FP filters allow transmission of a very narrow band of 

wavelengths, which are detected by the detector array. To attain high resolution with low-cost, 

Correia et al. initially united FP filter arrays with 16 static cavity heights and photodiodes to 

sense 16 diverse wavelengths, thus forming microspectrometers [31]. Correspondingly, S.W. 

Wang et al. implemented a comparable assembly and protracted it to 128 different wavelengths 

[34]. However, the first techniques require multiple lithography and etching steps, which is not 

a cost efficient process for mass production. The second technique requires multiple 

lithography and deposition steps. 

Since 2000’s miniaturization of spectrometers based on FP filters have been investigated also 

at INA [62][63][85]. Wang et al. have developed 3D soft templates with 64 different heights 

and used NIL to imprint the filter cavities in a single step. Hence, the cumbersome process of 

etching or deposition are avoided and at the same time enhancing the optical quality of the 

filter cavities. 3D soft templates with less than 1nm of vertical resolution for 90% transmission 

optical filter are fabricated [6][35][54]. This novel 3D SCIL process has been successfully 

implemented for static FP filter fabrication with 64 different optical cavities with sub-

nanometer vertical precision. Since nanoimprint is involved, INA refers to these devices as 

nanospectrometers see Ref [35].   

Nanospectrometers are classified into two types (i) static filter arrays (ii) tunable filter arrays. 

As the name indicates, in the static filters, all cavities are fixed between the two DBR’s and 

each cavity height corresponds to an individual transmission wavelength, which is detected by 

CCDs, CMOS-chips or photodiode arrays.  

While on the other hand, tunable filters enable micromachined tuning between the DBRs since 

an air-gap cavity is involved [33][85]. Depending upon the actuation capability and air-gap of 

the filter, electrostatic tuning can be obtained and the tuned transmission line can be detected 

by commercially available detectors by monitoring the intensity as a function of time and 

transforming the time-axis into a wavelength axis using a previously performed 
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calibration [63]. In this thesis a detailed intuitive explanation about tunable FP filters and the 

application of 3D SCIL process for fabrication of tunable FP filters will be focused. 

Tunable Optical Sensor Array (TOSA) for the visible and infrared range are developed using 

an efficient method of 3D nanoimprint. The TOSA devices are based on several filed or granted 

patents by Prof. Dr. Hartmut Hillmer and his team [86][87][88][89].  

These proposals include fabricating tunable FP filters with high optical quality, low cost, and 

broad spectral selectivity. Tunable FP filter arrays are highly desirable for broad spectral 

tuning, which is implemented by tunable air-gap cavities. Fig 3.9 (a) represents a schematic 

cross-section of a tunable filter.  

The fabrication process of the tunable filter is as follows: Firstly, the bottom DBR is deposited 

on a glass substrate, followed by the bottom electrode, which is structured. An organic UV-

curable polymer material is spin coated over the bottom DBR combination, this layer functions 

as, both, supporting post layer for micromachined actuation and as a sacrificial layer during 

under-etching of the air-gap cavities. On top of the polymer layer part of the filter, one period 

of DBR is deposited, which functions as the suspensions at later stage. Subsequently, the top 

electrode and the upper part of top DBRs are deposited. The upper part of the top DBR and the 

top electrode are structured, as shown Fig 3.9 (a) using photolithography and etching steps. 

Subsequently, the sacrificial layer (UV-curable polymer) between the top and bottom DBRs is 

etched using RIE process to form the tunable air-gap cavity of the FP filter. The combination 

of the top electrode and the lower part of the top DBR (one period) functions as suspensions to 

enable micromachined actuation.  Fig 3.9 (b) represents a SEM micrograph of a tunable FP 

filter representing suspensions, filter membrane, and top DBR. The most important step in the 

tunable filter fabrication is to allow a formation of the air-gap cavity. So that, the membrane 

and the upper part of the DBR are suspended freely by several suspensions, as shown in Fig 

3.9(a,b) and enabling fine tuning of the cavity thickness (here in vertical direction). 

 

(a) 
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Figure 3. 9 (a) schematic cross-section of a tunable FP filter, (b) SEM micrograph top view of a tunable FP filter 

representing suspensions and membrane areas. 

As discussed in section 3.4 earlier, the FP filter enables transmission of only a narrow band of 

wavelengths called the filter transmission line and reflects other wavelengths within the 

stopband range of the DBRs. The transmission line of the tunable FP filter is adjusted by 

changing the thickness of the cavity material by actuation of the top DBR and respective 

suspensions. As shown in Fig. 3.10 (a) the FP resonator acts as a wavelength selective filter.  

 

 

 

 

 (a) 

(b) 
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Figure 3. 10 (a) FP resonator functioning as a wavelength selective filter (b) reflection wavelengths for different tuning 

conditions formed by varying the actuation voltage between the electrodes of the two DBR's, resulting in a different 

spatial displacement of the membranes and the top DBR, causing a variation of the air-gap cavity, which finally causes 

the spectral tuning of the filter transmission line.  Original figures from [76]. 

 

By applying suitable voltages between the electrodes of top and bottom DBR’s, different 

spatial displacements of the membrane and top DBR are formed, causing variations in the air 

gap cavity, which finally causes spectral tuning of the filer transmission lines. Fig.3.10 (a) 

shows four different transmission wavelengths (red, orange, green and blue) for four different 

spatial displacements of the membranes.Fig 3.10 (b) represents three transmission wavelengths 

for three different spectral tuning conditions formed by varying the actuation voltage between 

the electrodes of the two DBR's. 

 

 

 

 

 

 

 

 

 

 (b) 



  

40 

 

Chapter 4 

Introduction to Fabrication Technologies Appropriate for the         

Development of 3D SCIL Templates and Nanospectrometers 

This chapter deals with the basic fabrication technologies and equipment required for 3D NIL 

and development of nanospectrometers. Mainly focusing on photolithography, etching, and 

thin film deposition techniques. Various metrology equipment’s for characterization of 

imprinting structures and nanospectrometers and relevant for this thesis are discussed in 

section 4.4.  

4.1 Mask Aligners 

A Mask aligner is a device that is essential to implement optical lithography or nanoimprint 

lithography techniques discussed in chapter 2. As the name indicates, the mask aligners mainly 

project and aligns the patterns on the mask onto the substrate and then uses UV-exposure 

radiation to cure the resist material. At INA we use two types of mask aligners, namely MA4 

and MA6 Gen2 from SUSS MicroTec. These are used for optical lithography and UV-NIL, 

respectively.  

4.1.1 Mask Aligners for Photolithography – MA4 

The MA4 mask aligner is compact in size and is a cost-effective solution for processing optical 

lithography on wafers up to 4 inches. It is equipped with high precision alignment and has 

resolution capability in the submicron range. This machine is widely used in the fabrication 

process of semiconductor devices (sensors, actuators, micro-machining and photonics etc.) Fig 

4.1(a) represents a picture of MA4 and Fig 4.1(b) represents a magnified image of objectives, 

a mask holder, and the substrate holder. The basic process of optical lithography is a sequential 

process of cleaning the substrate, spinning positive/negative UV-curable photoresist on the 

substrate, soft bake/post baking of the resist, alignment of the substrate with respect to the mask 

in the mask aligner and exposure to UV light to cure the resist material. Fig 4.2 represents the 

schematic of the basic process flow of lithography. Firstly the substrates (Si/glass wafer) are 

cleaned with acetone and isopropanol and dried at 120°c for 30 min. Secondly, the resist is 

spin-coated on the wafer at specific rotations per minutes and then baked at a temperature 

suitable for resist in use, to reduce to solvent concertation on the wafer, which is called a soft 

back. Now the mask/template is placed on the mask holder, and the wafer is fixed on the 

substrate holder. The exposure gap is adjusted between the mask and the wafer and it is aligned 

with patterns on the mask. Once the alignment is done, the wafer is flooded with UV exposure. 
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The exposure time is dependent on the intensity and dose of the radiation being used. The UV 

exposure changes the solubility of the resist material.  

 
 

        

Figure 4. 1 (a) Picture of MA4 from SUSS micro tech (b) magnified the image of objectives, a mask holder, and substrate 

holder. Original pictures from [90]. 

Positive resists are those in which the exposed parts becomes soluble in the developer solution. 

Hence, they form a replica of the patterns on the mask. Negative resists form crosslinking with 

UV and become insoluble; the unexposed parts can be washed away, as shown in Fig 4.2(b). 

Developer solutions like KOH etc. are used in the development process for positive resist and 

solutions like AZNLOF for negative resists. Mostly positive resists are used as etch masks as 

they have high selectively and slow etch rates compared to that of negative resists [49] [90]. 

 

 

(a) (b) 

Objektives 

   Mask Holder 

Substrate Holder 

(a) 
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Figure 4.2 (a) Spin coating and soft baking of photoresist (b) Development of positive and negative resist with 

photolithography Original figures from [49]. 

4.1.2 Mask Aligners for Nanoimprint – MA6 

The fundamental operations of mask aligners for nanoimprint are more or less identical to those 

used in optical lithography. But they provide a variety of mask holds for UV-NIL and SCIL 

process. As discussed in Chapter 2, SCIL templates require vacuum grooves from the back side 

to release the template sequentially. Fig 4.3 shows a picture of a mask holder in MA6 with 

vacuum grooves, which support SCIL process. Apart from alignment, different process 

parameters like (i) process delay: The amount of time required to fill the resist completely into 

the template (ii) wedge error compensation: For adjusting the gap between the substrate and 

the template (iii) direction of imprint process are advanced features with MA6. 

 

 

Figure 4. 3 Picture of a mask holder with vacuum grooves on MA6 for nanoimprint lithography. Original picture 

from [14]. 

 

Vacuum Grooves 

(b) 
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The process flow is very similar to that of the photolithography, but in nanoimprint, the mask 

is UV transparent. Hence, the entire substrate is cured with UV light, and no removal of 

uncured parts exists. The UV curable polymers are specifically spin coated to obtain a desired 

thickness and post backed and then required alignment and exposure dose are given [47].  

Resolution up to sub-100nm and an excellent wedge error compensation is possible with SCIL 

process and MA6. 

During exposure to UV light, the distance between the mask and substrate can be adjusted in 

three different exposure modes (i) soft contact (ii) hard contact (iii) vacuum contact.  In soft 

contact mode, the wafer/glass substrate is in contact with the mask, at the same time it remains 

in contact with the substrate holder. Resolution up to 2.0µm can be attained with soft contact. 

In hard contact process, the sample is fetched in contact with wafer through pressure applied 

by nitrogen gas from the sample holder and a resolution up to 1µm is possible. Finally, in 

vacuum contact, which provides a very good resolution around 0.8µm, a vacuum is formed 

between the mask and substrate hence, forming a vacuum seal. Fig 4.4 represents schematics 

of the three processes [90]. 

 

 

Figure 4. 4 (a) Soft contact exposure (b) Hard contact exposure (c) Vacuum contact exposure Original figures from [90]. 

4.2 Dry Etching Techniques 

Reactive Ion Etching 

Reactive Ion Etching (RIE) is a plasma assisted dry etching process, which involves dissociate 

and ionized molecules to etch the material. It’s a combination of physical sputter etching and 

chemical plasma etching for removal of organic materials. RIE is a commonly used dry etching 

process for etching microstructures in industrial applications, to attain high selectivity, etch 

rate and anisotropy. A proper amount of gases required for etching is chosen. The amount 

depends on the material to be etched and is controlled by gas flow controllers. The chamber of 

etching is vacuum pumped and kept at low pressure, and then the gases of choice are released 

into the chamber. The plasma is created in the chamber by applying radio frequency (RF) of 

around 13.56 MHz. The electric field among the electrodes in the chamber ionizes the gas 

molecules and generates plasma. The low mass and high mobility of electrons allows them to 

travel with a high frequency and at each cycle of their movements, they either bombard the 

upper electrode or the chamber walls or the capacitively coupled bottom electrode (substrate 

holder). The electrons on the walls do not affect the process flow as they are move towards the 

(a)                                                (b)                                         (c) 
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ground. The electrons which strike the substrate holder and build negative bias voltage between 

the electrons, forming DC bias.  

 

Figure 4. 5 Schematic of reactive ion etching Original figure from [49]. 

On the other hand, the plasma in the chamber generates a higher concentration of positive ions 

than the free electrons. Thereby, there exists a strong voltage variance in the chamber. Hence, 

the high kinetic energy ion drift towards the negatively charged bottom electrode, which is the 

target of interest. By hitting the substrate, they knock off the target materials, by giving their 

kinetic energy to the material. The etched material is pumped out but there exist some residuals 

in the chamber. Hence, from time to time cleaning of the chamber is recommended. The 

anisotropic etch profile with RIE is due to the vertical bombardment by the reactive ions. The 

major factors which effect the etch profile of the substrate are the gas flow, the pressure at 

which the chamber is maintained, the RF frequency and RF power [91][92]. At INA we use 

Oxford plasma lab 40+ RIE system with H2, CHF3, CH4, Ar, SF6, and O2 gases. The gas 

combination is chosen depending on the material of interest. For GaAs templates, a 

combination of H2, CHF3, Ar, and O2 are used. For Si templates, a combination of CHF3, SF6, 

and O2 is used. Deep etching of structures is be attained using an advanced version of RIE 

called deep reactive ion etching. A schematic of RIE is shown in Fig 4.5.  

Oxygen Plasma Asher 

Fundamentally, plasma ashing is a process conducted for removal of photoresist residuals from 

an etched wafer or for etching of functional layers in MEMS fabrication. It uses the concept of 

barrel reactor for etching or aching and involves mostly isotropic etching. Oxygen or fluorine 

gases act as reactive elements for ashing the material. These reactive elements are generated 

inside the ashing chamber using plasma. The monoatomic gases react with the photoresist and 

etch away the material. The released material is removed by the pumping system. Depending 

on the areas of photoresist that have to be removed the temperature of the plasma ashing is set 

[93]. For a complete removal of photoresist, etching in done at higher temperatures and for 

partial removal of photoresist in the trenches the etching is done at lower temperatures. In this 

thesis plasma ashing is used during the fabrication of master templates for removal of the 

photoresist after the etching steps. Also, majorly used for surface oxidation of PDMS surfaces. 
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4.3 Thin-Film Deposition Techniques 

As the name indicates, thin-films are material films deposited with a thickness ranging from 

nanometers to micrometers. They have vast application in semiconductor device fabrication, 

optical coating, and solar cells fabrication. In this thesis, thin-films are used in Fabry-Pérot 

filter based spectrometers. The Distributed Bragg Reflectors in FP filters consists of SiO2, SiN4 

or TiO2 thin-films. They are deposited either by physical vapor deposition (PVD) for plasma 

enhanced chemical vapor deposition process (PECVD).  

 

Plasma Enhanced Chemical Vapor Deposition Process 

PECVD is an excellent tool for deposition of high-quality thin-film at lower temperatures and 

superior to conventional chemical vapor deposition process. The deposition process is exactly 

opposite to that of the dry etching process discussed in the previous section. The PECVD 

system has RF driven top electrode and no bias/heat bottom electrode. The substrate is placed 

on the bottom electrode.  In the chamber, the plasma is generated, and the reactive gas of 

interest are released by gas flow controllers. The high RF field is applied, and thereby plasma 

is generated in the chamber, and the reactive gases are dissociated into free radicals, ions, etc. 

in the excited plasma chamber and condensed on the target substrate [94].  Etching and 

deposition are different in just how the radicals react with the target material [95][96].  

The simple deposition of Si3N4 is shown in Eq.4.1. To deposit a layer of Si3N4, the gases SiH4 

and NH3 are passed through the gases supply valve, shown in Fig 4.6 (b).  

           

Figure 4. 6 (a) Picture of PECVD at INA (b) Schematic representation of PECVD process Original picture and figure 

from [49]. 

The reactive gases (𝑆𝑖𝐻4  𝑎𝑛𝑑 𝑁2) in the plasma chamber are transformed into Si3N4 and H2 

gases and the solid Si3N4 is deposited on the substrate, while H2 is pumped out. Similar 

deposition of SiO2 is shown in Eq.4.2. 

 

3𝑆𝑖𝐻4 + 2𝑁2 − − − − − −→  𝑆𝑖3𝑁4 +  6𝐻2                                             (4.1) 

 

(a)                                                                             (b) 
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                   𝑆𝑖𝐻4 +  2𝑁2𝑂 − − − − − −→  𝑆𝑖𝑂2 +  2𝑁2  +  2𝐻2                                            (4.2) 

4.4 Metrology for Surface Topography Characterization 

In this section, different devices and microscopes for investigation and characterization 

Si/PDMS template surfaces and the imprinted polymer structures are discussed.  

4.4.1 White Light Interferometer 

The White light interferometer (WLI) is a potential tool for non-contact surface topography 

characterization of 3D structures, with highly non-uniform surface planarity ranging from 

nanometres to millimeter height variations. Interferometers make use of simple interference 

principles of light waves forming constructive and destructive interference to measure the 

surface profile. The conditions for constructive or destructive interference depend on the 

optical path length difference between two light waves. Hence, to measure transparent 

substrates with that interferometer the surface of the samples has to be coated with a reflecting 

material. A wide beam of white light (left) is split by a beam splitter into two beams, one is 

reflected by a flat reference surface and the other part is reflected from the sample, as shown 

in Fig 4.7. The reflected monochromatic subray whose optical path difference reveals an even 

multiple of wavelength, locally forms a bright spot and another monochromatic subbeam 

whose path difference reveals an odd integer multiple of the wavelength froms a local dark 

spot dark. The white light interferometers, in general, form achromatic interferences, since the 

interference fringes vary with the spectrum of different wavelengths of illumination. The 

overlap of the interference pattern for all contributing wavelengths reveals a specifically 

colored image including information about the phase shits (respectively spatial height 

differences). Thereby the surface profile is characterized by the spatial variations in intensity 

and color detected by the camera lens and sensors [97][98][99]. The variations in the intensity 

and color are processed by imaging software and are represented by the variation of another 

color palette on the display screen. The aligning procedure involving a variation of the fringes 

is not described here. Currently, laser beam illumination is used in interferometers so that the 

interference fringes and path difference of the reflected beams need not be matching, like that 

in white light interferometers. Fig 4.7 shows a schematic of a WLI. 
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Figure 4. 7 Schematic of white light interferometer Original figure from [100]. 

4.4.2 Atomic Force Microscope 

Very high-resolution measurements in nanometer range for the 3D pattern are attained with 

Atomic force microscopes (AFM). The resolution of an AFM is much higher compared to the 

methods limited by optical diffraction. In AFM, surface topography is retrieved by surface 

scanning. Cantilever scanning probes are used to analyze the surface characteristics. The forces 

between the scanning probe and the surface evaluate the topography. AFM efficiently measures 

the surface roughness at a very high resolution. Hence, AFM surface characterization is used 

in this thesis for PDMS surface characterization [101][102]. The cantilever tip movements in 

x and y directions finally is processed into a color mapping in the graphical image. In this 

respect, each coordinate illustrations the color plotting as a function of origin. Hence, the 

surface profile picture reveals especially the hue and intensity values. AFM is used either in 

contact mode or non-contact mode. In contact mode the tip of cantilever touches the surface 

and moves on the surface to scan it, whereas in the contact mode the tip oscillates at the 

resonant frequency and uses van der Waals forces to estimate the surface profiles[103][104]. 

The major drawback present with AFM is that they cannot normally measure steep walls in 

microstructures. 

4.4.3 Scanning Electron Microscope 

Scanning electron microscope (SEM) uses the information from a focused beam of high-

energetic electrons. The basic building blocks of SEM are: electron gun, condensing lens and 

the objective lens, which are primarily responsible for the electron beam generation. There 

exists a scanning coil to scan to electron probe. To scan the surface profile of a sample, a beam 

of electrons are scanned on the sample, and these electrons react with atoms on the substrate 

and produce secondary electrons or backscattered electrons emitted by the atoms on the sample 

[105][106]. These secondary electrons are detected and amplified by secondary electron 

detector unit, shown in Fig 4.8. The objective lens are accountable for focusing the secondary 
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electron beam. The amplified signal is transferred to display unit, which reveals the information 

about the surface topography and brightness variations of the sample, thus forming a SEM 

image. A resolution around 1nm is attained with SEM devices.  In general, specimens are 

investigated in dry and high vacuum conditions [107]. 

 

Figure 4. 8 Schematic picture of scanning electron microscope Original figure from [108]. 

4.4.4 Goniometric Contact Angle Measurement Method 

The surface properties of PDMS templates for SCIL process are determined using contact angle 

measurements, in addition these measurements are often used in determining the surface 

characteristics like surface energy, hydrophobic content, wettability, etc. of the material.  Also, 

the effect of surface modification treatments on a solid surface can be investigated using 

contact angle measurement setup. The contact angle 𝜃 flanked by a liquid on a solid surface is 

mainly valued by the adhesive force concerning the two surfaces. The counteraction of 

spreading of the liquid on the solid surface is mediated by the cohesive forces, whereas the 

spreading capability is characterized by the cohesive forces. The stability amongst these forces 

provides the contact angle. The balance between the forces is determined by the Young’s 

equation in equation 4.4. The equation connects the surface energies of liquid (L), solid(S) and 

the vapor (V) to the contact angle of the surface. 

                                                       𝛶𝑆𝑉- 𝛶𝑆𝐿 =  𝛶𝐿𝑉𝑐𝑜𝑠𝜽                                                                 (𝟑. 𝟑) 

 𝛶𝑆𝑉  𝑖𝑠 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒𝑛𝑔𝑒𝑟𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑖𝑑 

𝛶𝑆𝐿 𝑖𝑠 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒𝑛𝑒𝑟𝑔𝑒𝑟𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑞𝑢𝑖𝑑 

𝛶𝐿𝑉 𝑖𝑠 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒𝑛𝑔𝑒𝑟𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑖𝑑 𝑙𝑖𝑞𝑢𝑖𝑑 

To attain complete wettability with a contact angle of zero, the surface tension of the liquid 

dispensed should be lower than the surface energy of the solid surface. The converse is true for 
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larger contact angles. The surface that provides contact angles greater than 90° is referred as 

hydrophobic surfaces [109][110]. There are different methods for the measurement of contact 

angles like the capillary method, or with the methods that are present in the state of the art. In 

this thesis, a Rame-Hart Goniometer method is used. As shown in Fig 4.9, a Rame-Hart 

goniometer is a basic gadget for determining contact angle. It comprises of an illumination 

source, a parallel section stage to place the sample for which contact angle should be measured. 

The sample is placed at a distance of 35 mm from the lens. Liquids of interest are dispensed on 

the solid surface using a puppet dispenser. The image analysis software, which is connected to 

the movable camera, that captures the image of the droplet on the sample surface.  

 

 

 

Figure 4. 9 Contact angle measurement setup Original figure from [109]. 

After the contact angle data is obtained by the measurement setup discussed above, the total 

surface energies are calculated using Owen & Wendt’s theory. The relationship between the 

contact angle and the surface dispersive/polar components are formalized in equation 4.4.  Both 

surface energies and surface tensions of solid and liquid surfaces, describe the interaction of 

the liquid and solid surfaces [111]. 

 

𝜎𝐿(1+𝐶𝑂𝑆Ɵ)

2(𝜎𝐿
𝐷)1 2⁄  = (𝜎𝑆

𝑃)1 2⁄ (𝜎𝐿
𝑃)1 2⁄

(𝜎𝐿
𝐷)1 2⁄  + (𝜎𝑆

𝐷)1 2                                                                                ⁄                               (4.4) 

 

Where 𝜎𝐿 = overall surface tension of the wetting liquid 

𝜎𝐿
𝐷 = dispersive component of surface tension of the wetting liquid 

𝜎𝐿
𝑃 = polar component of surface tension of the wetting liquid 

𝜎𝑆 = overall surface energy of the solid  

𝜎𝑆
𝐷= dispersive component of surface energy of solid 

𝜎𝑆
𝑃 = polar component of surface energy of solid and Ɵ = contact angle 
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Finally, the surface energy of the solid is a summation of the overall surface energy of the solid 

and the disservice component of surface energy of the solid, shown in equation (4.5). 

 

𝜎𝑆= 𝜎𝑆
𝑃+𝜎𝑆

𝐷                                                                                                                           (4.5) 
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Chapter 5 

PDMS and its Surface Modification Techniques 

In this chapter, a brief introduction to physical and chemical properties and their surface 

modification methodologies are presented. Section 5.1 and 5.2 portray the chemical 

compositions of soft and hard PDMS. The results of goniometric experiments will be also 

shown.  Effects of O2 plasma and UV oxidation treatments are explained in sections 5.3. 

5.1 Introduction to PDMS 

PDMS is a silicon-based organic polymer, mainly used for nanoimprint and nanofluidic 

applications. It was first demonstrated by Whitesides et al. Some desired and significant 

physical properties of PDMS are (i) medium-high elastic modulus, (ii) low shrinkage during 

the curing process, (iii) optically transparent in the wavelength range of 300 nm to 3 µm, (iv) 

it is a flexible elastomeric conformal imprint over non-planer substrates is possible and (v) It 

is well-suited with most of the UV-curable polymer resists due to its low interfacial surface 

energy and chemically inertness [50][112] [113][114][115].  

 

Figure 5. 1 (a) Stoichiometric representation of PDMS (b) Picture of a PDMS Original picture from [116]. 

Its elastic and hydrophobic characteristics allow a free release from the substrate after 

imprinting with very low pressure makes it an excellent and leading choice for imprinting 

lithography. The chemical configuration and picture of PDMS are as shown in Fig 5.1(a,b). 

5.2 Soft and Hard PDMS 

At INA, we use a combination of the soft and hard PDMS materials, along with a flexible 

carrier for the SCIL process. The soft PDMS is a combination of (i) base agent (Sylard 184A), 

which acts as siloxane oligomer (dimethyl vinyl-trymtythial dimethyl siloxane) and a (ii) 

curing agent (Sylard 184B), which is siloxane cross-linkers (dimethyl methyl hydrogen 

siloxane). The siloxane based oligomers contain vinyl groups. The cross-linking oligomers 

(a)   (b) 

(b) 
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contain at least three silicon hydride bonds each and in the curing process, the vinyl group of 

base and methyl hydrogen reacts with each other to form an elastomeric network [48][117]. 

Soft PDMS alone will not be able to provide sufficient resolution for imprinting nanostructures. 

Hence, we need a PDMS with higher elastic modulus and low toughness than s-PDMS, for 

patterning nanostructures with high-resolution. The major quality of PDMS with Young's 

modulus higher than 0.1MPa makes them less prone to damage the patterned structures. Thus, 

by using h-PDMS, which has higher Young’s modulus and less toughness, makes the 

patterning of exceptionally small structures less prone to damage. Apart from these two factors, 

Table.5.1 gives a comparison of some properties between 184-PDMS and h-PDMS. Apart from 

these advantages h-PDMS has low elongation break and a high coefficient of thermal 

expansion. The crosslinkers in the curing agent are relatively shorter in length than 184-PDMS. 

The vinyl pre polymer acts as sylard 184A forming base agent and Platinum catalyst acts as 

reactor agent, and HMS acts as curing agent. The Platinum catalyst is an important component 

in h-PDMS which allows the linkage of SiH and vinyl group forming a Si-CH2-CH2-Si chain. 

Thus finally combining advantages of both of 184-PDMS and h-PDMS, we use a template 

which is a combination of both the PDMS material [48]. A detailed explanation of h-PDMS is 

shown in Table 5.2. The compositions of the polymers are trade secrets, so no clear information 

about their chemistry is not available. 

Table 5. 1 Comparison of some properties between 184-PDMS and h-PDMS 

 

 

 

 

Table 5. 2 A detailed explanation of chemical composition of h-PDMS 

 

Component A 

Vinylmethylsiloxanedimethylsiloxanetrimethylsiloxyterminated 

copolymer(VDT-731) 

Vinyl PDMS prepolymer 

Platinum-divinyl tetramethyl disiloxane complex in low xylene color (SIP 

6831.1) 

Pt catalyst 

2,4,6,8-Tetramethyltetravinylcyclotetrasiloxane Fluka(87927) 

Modulator 

 

Component B 

Methylhydrosiloxanedimethylsiloxane copolymer(HMS-301) 

Hydrosilaneprepolymer 

5.3 Surface Modification Methodologies for PDMS Templates 

The hydrophobic and low surface energy property of PDMS makes the metallization and 

selective structuring of the metal on its surface extremely difficult. Evaporation of various 

metals on treated and untreated PDMS surface always resulted in random buckling and 

cracking of the deposited metal layer [118]. Hence, investigation towards various surface 

Elastomers Young’s 

modulus(MPa) 

Toughness 

(MPa) 

Coefficient of linear 

thermal expansion 

(ppm/ ° C) 

Elongation  

break(%) 

Shrinkage (%) 

 

184-PDMS 1.8 4.77 260-310 160 1.1 

h-PDMS 8.2 0.22 450 7 1.6 
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modification methodologies has to be taken into consideration. As PDMS and metal are two 

physically and chemically different materials, by nature there exists a strong thermal expansion 

coefficients mismatch between the deposited metal and the PDMS. The disparity along with 

the hydrophobic property of PDMS results in poor adhesion of materials to its surface and 

delaminating of the materials by slightest mechanical stress. The main purpose of metallization 

of the PDMS template in this thesis is to use it as a flexible hybrid photomask. Thus, the main 

point that have to be soloved to embed is the metal layer into the PDMS structures is that it 

withstands a certain amount of fracture strain during the imprint process, and the adhesion of 

metal of the template has to sufficiently high, as the template is used in contact lithography. 

Fortunately over 15 years, there is a vast amount of research going on with polymeric materials 

and their adaptation approaches. Diverse surface modification techniques for PDMS surface 

like thermal aging, chemical vapor depositions, wet chemical methods and many other dynamic 

surface modifications have been reported and used in different fields like in microfluidic and 

is flexible electronic device applications over the years [119][120][121][122]. The major 

properties which have to be focused in our case of interest are the bonding strength and surface 

topography match between the PDMS and the deposited metals. Although the field of flexible 

electronics provides a good state of the art technologies for fixed electronic interconnects and 

components, in contrast metalized PDMS in our application is used as an imprint tool (soft 

template), which is addressed for the first time. Therefore, a variety of physical and chemical 

methodologies were investigated and characterized for the fabrication of the hybrid soft PDMS 

template. The next sections emphasize on oxygen plasma and UV surface modification 

techniques and their effect on achieving stabilized surface properties of the PDMS and thereby 

making the template suitable for flexible metallization and conformal imprinting. These 

techniques are investigated individually, and their positive, and negative effects on the PDMS 

surface are presented in the result section.  

5.3.1 Oxygen-Plasma Surface Treatment 

The major polymer chain that forms the PDMS is based on non-polar Si-CH3 (methyl) groups. 

These methyl groups on the surface reveal a hydrophobic behavior. Consequently, any polar 

material that is deposited on the PDMS exhibits very poor bonding strength. This weak 

boundary surface layer with short hydrocarbon Si-CH3 chain is modified by O2 plasma 

oxidation treatment. Fig 5.2 represents a schematic illustration of PDMS surface modification 

with O2 plasma treatment. During the surface treatment, the partially ionized oxygen molecules 

inside the plasma chamber react with the non-polar Si-CH3 (methyl) groups and form polar Si-

OH (silanol) groups. The silanol groups are hydrophilic, thereby providing a surface match for 

polar materials to be deposited and thereby resulting in permanent bonding between the 

deposited material and the PDMS surface [120][122][123][124]. 
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Figure 5. 2 Schematic illustration of PDMS surface modification with O2 plasma treatment. 

The effect of oxygen plasma oxidation on the PDMS is measured by taking into consideration 

the individual contact angles. The goniometric measurement system discussed in Chapter 4 is 

used to measure the contact angle and to investigate the improvements in hydrophobic property 

of PDMS.  

5.3.2 Pre-straining and UV-Oxidation of PDMS 

The major reason for the formation of bulking phenomena in the deposited metal layer on 

PDMS is due to the induced compressive stress by thermal expansion and compression during 

the metal deposition process. As PDMS is an elastomer, it undergoes expansion during the 

metal evaporation by the electron-beam process and later after the process is completed it tends 

to rebound to its original state. Since the metal is deposited on the PDMS during its expanded 

materials state, the metal layer suffers from compressive strain [120][125]. The compression 

state of PDMS material accords the metal layer to release its stress by forming sinusoidal 

buckles. There exists a strong surface topography mismatch between the PDMS and the 

buckled metal layer. Thereby resulting in non-uniform adhesion and consequently providing 

minimum tolerance to mechanical stress and movements.  Fig 5.3 (a) shows the schematic of 

surface profile inequality. Hence, to match the surface contour of the PDMS to metal, the 

surface topography of the PDMS has to be altered. This is done inducing a certain amount of 

strain onto the PDMS surface by mechanically stretching. The basic definition of strain for one 

dimension is given in equation 5.1. 

                      ℰ =  
∆𝐿 

𝐿
                                                                                                                        (5.1) 

Where L is the initial lateral length of the PDMS material and ∆𝐿 is the change in length of the 

PDMS material after stretching.  Hence, by stretching the material and inducing a certain 

amount of strain and holding it for a certain amount of time, will induce a fraction of initial 

strain into the PDMS material. But pre-straining alone doesn’t provide the desired condition of 

strong bonding. Therefore, the surface treatment should also be provided along with pre-

straining. O2 plasma oxidation cannot be used during the stretching process because the 
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duration of mechanically stretching has to be long enough to provide adequate retainable pre-

strain. Also, longer duration of O2 plasma treatment will increase the surface roughness 

drastically.  Thereby, UV light treatment is chosen for oxidizing the PDMS surface. 

UV treatment is a photo-sensitized process of oxidizing, during which the weak boundary 

methyl groups are shattered by the UV radiations. Even though UV light oxidizes the surface 

analogous to that of O2 plasma treatment, the UV light of short wavelength penetrates into the 

PDMS and modifies the material properties close to the surface. Hence, it results in prolonged 

hydrophobic recovery. Thereby pre-straining the PDMS and oxidizing with UV and later 

releasing the PDMS after a certain amount of treatment time. This results in a wavy surface 

contour along with of oxidized surface of PDMS, as shown in Fig 5.3 (b). By this means the 

metal deposited on strained induced and UV treated PDMS mitigates the stress by relieving 

into the pre-buckled surface. Thus, the adhesion of the metal to PDMS is made uniform and 

thereby the metal structured soft template becomes more flexible and withstands the definite 

amount of stress and strain during the imprint process [120][126][127].  

 

 

 

 

 

 

Figure 5. 3 (a) Non-uniform sticking of metal over untreated PDMS surface (b) Pre-stretching and UV treated PDMS (c) 

uniform adhesion of metal over pdms. 
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Chapter 6 

Development of Hybrid 3D Soft Templates: Experimental Results 

and Discussions 

6.1 Study of Residual layer in Nanoimprint Technology using 

Standard 3D Soft Templates 

In this chapter nanoimprint methodology using state-of-the-art soft templates as they have been 

used at INA to fabricate 3D structures is reviewed concerning the residual layers. The thickness 

of the residual layer as a function of the 3D structures has been studied and the results of the 

characterization of the residual layer are summarized here before subsequent chapters deal with 

a novel methodology to completely remove the residual layer on the lowest level of the 

imprinted structures. Experimental investigation of residual layer thickness variation and its 

removal using RIE are discussed in this section. For these studies, a simplified master template 

with three different heights has been fabricated (See Appendix A1.1). A schematic of 3D 

PDMS template that has been replicated from the master template is shown in Fig. 6.1(a). The 

three different heights are 400 nm, 300 nm and 200 nm from left to right.  To implement the 

imprint process, the soft template has been fixed on the template holder of the mask aligner 

(MA6). The imprint has been performed on a glass substrate; this has been coated with a UV-

curable polymer: mr-UVCur06 of 500 nm thickness. The spin coated sample has been placed 

on the substrate holder of the mask aligner. The imprint has been done using the SCIL mode. 

Hence, during the imprint process, the template comes into conformal contact with the substrate 

in a sequential manner from left to right. The processing delay has been set to 300 sec, this 

gave sufficient time for the imprint material to fill in the template cavities. Wedge error 

compensation between the template and the substrate has been set to zero. Once the template 

comes into contact with imprint material, the capillary forces are occurring. As there is very 

minimum back pressure in SCIL process, only capillary forces are responsible for filling the 

resist material into the template cavities. Looking into the micro world of resist filling by 

capillary forces, cavities with larger volume need more resist material to fill them completely, 

leaving behind thinner residual layers. While on the other hand structures with shallow cavities 

need less material to fill in, thereby leaving behind thicker residual layers. Hence, there exists 

a wedge-shaped residual layer thickness variation beneath the imprinted structures due to the 

interplay of these two situations. Once the imprint process has been completed, the template 

has been in conformal contact with the resist material and at this point, the whole template and 

substrate combination have been flooded by UV light. The exposure time has been fixed to 

300sec at an intensity of 15mJ/cm2, which is sufficient to cure the imprint polymer material. 

After the imprint material has been cured, the vacuum grooves on the template holder have 

been activated, and the template has been separated from the patterned polymer layer. Now the 
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sample has been investigated using a surface profile meter and a white light interferometer 

(WLI) to study the residual layer thickness variation. A schematic of the wedge-shaped residual 

layer thickness variation is presented in Fig. 6.1(d). The residual thickness variation around the 

400 nm cavities has been found to be 30 nm, 50 nm around the 300 nm cavities and 80 nm 

around 200 nm structures. From the results of characterization, there has been a gradual incre

ase in residual layer thickness with increasing cavity depths on the template. As many industr

ial applications require, independent/unconnected imprinted microstructures, the residual layer 

between the imprinted structures has to be removed by an etching process. For an investigation 

purpose, RIE with SF6, Ar and CHF3 gases has been used to etch away the residual layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 1(a) PDMS template with soft & hard PDMS materials attached to the flexible carrier (b) imprinting with soft 

template into the UV-curable material (c) UV curing of the imprinted sample (d) non-uniform residual layer variation of 

the imprinted structures (e) RIE process to remove the residual layer (f) imprinted sample after RIE process showing the 

etched away Si substrate and partially etched residual layer. 

During the initial studies, the etching process has been carried out for 1 min, and the residual 

layer thickness decreased by 10 nm. In next step, the sample has been etched for 4 min. For 

this process, the residual layer at a 400 nm cavity has been totally etched away and also the 

substrate below the polymer (Si wafer) has also been etched. While the residual layer close to 

the 300 nm and 200 nm cavities has only been partly etched, as presented in Fig. 6.1(f).  Hence, 

removal of the residual layer at all areas of the substrate has not been possible without 

damaging the substrate material. In conclusion, the RIE etching for removing the residual layer 

is only applicable for some cases. On wafers processed for integrated electronic circuits, where 

2D nanoimprint is applied, removing the sacrificial layer by RIE etching is a generally 
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established process. However, for 3D nanoimprints, such as for the nanospectrometers 

developed at INA, the RIE has not been a solution to remove the sacrificial layer due to two 

reasons: 

(i) As shown in Fig. 6.1, it would lead to sections in which residual layer still remains 

and the other sections in which already the substrate or the functional layers below 

the resist are already etched. 

 

(ii) RIE cannot be used since it would not only remove the residual layers but also 

would  degrade the cavity surface, which would lead to rough interfaces in Fabry-

Pérot filters and would degrade the optical quality of the filter performance.  

 

Thus, for the nanospectrometers based 3D nanoimprint involving at the moment 64 different 

cavity heights, another possibility would be highly desirable which has not the disadvantages 

mentioned above. Hence, to attain absolute elimination of the residual layer with 3D soft 

templates, by not damaging the functional layer and maintain the good surface quality of the 

imprinted structures, the hybrid soft templates for removal of the residual layer to its lowest 

level have been introduced and investigated in the following sections. 

6.2 Residual Layer Free Imprinting with Hybrid 3D Soft 

Templates: Concept 

The projected technique discussed in this section mainly utilizes the concept of partial curing 

of the imprint material rather than flood exposing the entire sample area. To implement 

fractional curing, a new PDMS template has been made such that its microstructure protrusions 

are roofed with a UV-blocking metal layer and the remaining areas of the template are left UV 

transparent.  In this method, the hybrid template has been implanted with the UV jamming 

properties of the photomasks in photolithography and conformal imprinting advantage of the 

soft templates in the SCIL process. Fig. 6.2(a) presents a schematic of the hybrid soft template 

with the pre-arranged metal layers on the lowest parts of its template protrusions. The flexible 

carrier along with soft PDMS material makes the conformal imprinting possible. On the other 

hand, the higher Young’s modulus of hard PDMS retains the imprint resolution by avoiding 

the lateral deformation of the template. During the imprint process, the filling of the resist by 

capillary forces is occurring as in the standard SCIL. The major advantage of this new 

technique is revealed during curing of the imprint polymer. As the template protrusions are 

roofed with a metal layer, this blocks the UV light and makes the resist underneath all these 

areas to remain uncured. On the other hand in all the other areas of the template which are UV-

transparent, polymer structures are cured. In Fig. 6.2(c) the cured and uncured resist areas (after 

the imprint process) are indicated with red and green colors respectively. Thus, the non-uniform 

residual layer summaries all the uncured areas in between the mesa structures. To remove the 

residual layer, the imprinted samples are treated by the developer solution, which dissolves 

uncured polymer material, and this enables removal of all the uncured polymer material 
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underneath the metal areas regardless of their thickness. Thus, removal of the residual layer 

independent of its thickness and lateral extensions are achieved in a single step in the 

development process, as shown in Fig. 6.2(e).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 2 (a) hybrid soft template with metal on the template protrusions (b) selective UV curing of the UV-curable 

material during imprint process (c) cured and uncured polymer areas represented by green and red colors respectively (d) 

the uncured polymer areas. 

Hence, the expensive, individual monitoring and time-consuming steps like RIE and plasma 

etching are not required. The fabrication of the hybrid templates and the comprehensive 

enlightenment concerning PDMS and its modifications are discussed in the subsequent 

sections. 

6.3 Fabrication of 3D Master Templates and Replication of 

PDMS Soft Templates 

The PDMS soft templates have to be replicated from master templates. As the name indicates, 

the master templates are those with master structures on them. Depending upon the selectivity 

and resolution of the structures, materials like silicon, glass, and gallium arsenide materials can 

be utilized. In this thesis, silicon wafers have been used for the master template fabrication, as 

silicon revealed very high selectively, this resulted in decent side wall angles and also high 

aspect ratio in the etched structures. To create the patterns into the master template (Si wafer), 

a series of photolithography and etching steps have been carried. To perform photolithography 

on the sample, it can be spin-coated with either positive or negative photoresists depending 
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upon the desired structures. Firstly, the silicon wafer has been cleaned with acetone and 

isopropanol and heated under 150° for 30 min to evaporate all water molecules. In general, Ti-

prime has been used as a monolayer which has been spin coated over the sample and then 

heated at 110° for 1 min. In the next step, the positive photoresist AZ1518 has been spin coated 

(40 sec, 4000 rpm) to form a 1.8 µm thick resist layer. The spin-coated resist has been soft 

baked at 90°C. Subsequently, photolithography has carried out the sample and exposed to UV 

light for 6.5 sec. Later, the photoresist has been developed using a 0.8 % KOH solution for 30 

sec and has been dried with nitrogen (See Appendix A1.1).  

The patterned photoresist performs as an etch mask during the etching process. AZ1518 has 

been chosen as an etch mask as it reveals high selectivity with silicon. RIE with an RF power 

of 25W and process pressure of 0.025 mbar have been used in this thesis to etch the silicon 

wafers. A combination of SF6 (0.2 sccm), CHF3 (5 sccm), and Ar (5 sccm) gases has been used 

for etching, as this combination of gases shows isotropic etching with straight side walls. The 

first etching step has been performed for 46 min, to create 200 nm deep structures into the Si 

wafer (etch rate of Si: ~ 4.3 nm/min). After the first etching step has been performed, the 

photoresist residues have been cleaned by soaking the sample in acetone for 30 min and 

by using oxygen plasma ashing for 1 min at 0.7 mbar pressure and 25°C. In the next step, the 

second lithography has been performed on the sample to mask the particular areas (200 nm) 

that have been etched in the first etching step and open the other areas for the second etching. 

The second RIE process has been performed for 23 min. Thus, producing 300 nm deep 

structures into the Si wafer. Subsequently, the third lithography and RIE steps have also been 

performed creating 400 nm structures. In the following steps, Si has been cleaned to remove 

the photoresist and dried. Thus, a Si master template with three different heights (400 nm, 

300 nm and 200 nm) has been fabricated in three process steps of photolithography and etching. 

The number of lithography and etching steps can be varied depending on the required 3D 

structures. Wang et al. have detailed the process of digital etching and fabrication of the master 

templates with 64 different heights. For the application purposes mentioned in this thesis, 

lithography and etching have been performed between 1-3 steps. Fig. 6.3(a) shows a 

microscopic image of a master template with a mesa of 64 different cavity heights.  

 

                

Figure 6. 3 (a) microscopic pictures of master template with a mesa of 64 different heights (b) microscopic pictures of 

master template with single height grating-like shaped structures. 

 

64 different heights, etched 

in 7 different steps 

(a)                                                                           (b) 
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These 64 different heights that have been etched in 7 series of photolithography and etching. 

Fig. 6.3(b) shows a microscopic image of single height grating-like shaped structures etched 

into a silicon wafer in a single step of photolithography and etching. 

Fig. 6.4(a,b) shows WLI measurements of two master templates with circular and grating-like 

shaped structures. The circular structures have been used in micromachined optical Fabry-Pérot 

filter based applications in the following chapters. Fig. 6.4(b) shows grating-like shaped 

structures with three different step sizes, etched in three different steps. These grating-like 

shaped structures have been used in the analysis of the residual layer.  

   

Figure6. 4 (a) WLI image of a master template with circular structures (b) WLI measurement of the master template with 

grating-like shaped structures. 

The surface roughness and quality of the master templates fabricated with RIE have also been 

being studied using WLI and AFM, as the surface roughness on master templates directly 

contributes to the surface roughness on the PDMS templates. The measurements revealed a 

surface roughness less than ~ 1 nm and very low peak to peak values.  

To replicate the PDMS template, the master template has been coated with perfluoro decyl 

trichlorosilane (FDTS), an anti-sticking layer. The goniometer measurements revealed a 

contact angle around 90°, made by water on the master template with FDTS. This high contact 

angle has been adequate for removal of PDMS from the Si master without causing any physical 

damage. FDTS has been evaporated at 150°C for 60 min or in a vacuum chamber at room 

temperature for 18 hours. The chemical mixtures of h-PDMS and soft PDMS materials have 

been prepared according to the composition as discussed in Chapter 4. The mixture of soft 

PDMS has to be degassed by placing it in a vacuum chamber at a pressure of 1 mbar for 20 

minutes, so as to remove air bubbles from the mixture. The h-PDMS mixture has been spin 

coated at 3000 rpm over the master template to form a 100 µm thick h-PDMS layer and cured 

at 60°C for 20 minutes. In the following steps, the master template with h-PDMS has been 

fixed by vacuum on the substrate holder (bottom) of the MRT as shown in Fig. 6.6. On the 

carrier holder of the MRT (top), a flexible carrier sheet has been fixed. In the next steps, a 

precise amount of soft PDMS has been dispensed on the master template (placed on the 

substrate holder). The carrier holder along with the carrier sheet has been lowered by using the 

three-micrometer spindles until the carrier holder (glass lid) of MRT has been uniformly 

touching the PDMS material on the substrate holder. The thickness of the PDMS between the 

(a) (b) 
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carrier and the master template has been adjusted and maintained at 3 mm by the micrometer 

spindles. The thickness of PDMS template can be varied depending on the area of application. 

Thicker PDMS templates are preferred in high vertical resolution. Whereas thinner PDMS 

templates are preferred for extreme transfer fidelity and  for high aspect ratios structures. Also, 

the 3 mm thick PDMS templates revealed a good compatibility with zero WEC offset setting 

of the MA6. For thicker/ thinner templates, the WEC can be increased or decreased 

accordingly. The entire arrangement of MRT has been maintained at 50°C overnight. This 

process resulted in strong bonding between soft PDMS and h-PDMS materials and finally 

binding them into a soft bilateral PDMS template. Later the replicated soft template has been 

treated at 75°C for three days. At this temperature for three days, the bonding between soft and 

h-PDMS became stronger and the bonding between h-PDMS and the silicon wafer became 

weaker. Later, the PDMS template has been separated from the master by using an ethanol 

solution or purging nitrogen between their boundaries. The final PDMS template is as shown 

in Fig. 6.6. 

 

 

 

 

 

 

 

 

 

Figure 6. 5 Photo of a master replication tool (MRT) for replicating soft templates from the master templates. 

 

                                     

Figure 6. 6 Picture of the PDMS soft template replicated from the master template. 
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6.4 Surface Oxidation of PDMS 

The replicated PDMS templates discussed in the previous section have to be structured with 

metal on their pattern protrusions, to enable selective UV curing during the imprint process. 

But the highly hydrophobic and low surface energy properties of PDMS material have caused 

an extremely poor quality of metallization and selective structuring of the metal on its surface. 

Evaporation of different metals on treated and untreated PDMS templates, always resulted in 

random buckling and cracking of the deposited metal layers. Hence, various PDMS surface 

modification techniques that are presented in Chapter 5 have been experimentally investigated 

and the results of enhancement in surface energies of the PDMS templates are summarized in 

the following sections. 

6.4.1 Oxygen Plasma Surface Oxidation on PDMS Templates 

The O2 plasma surface oxidation has been performed on the PDMS soft templates, which have 

been fabricated as discussed in section 6.3. A Diener plasma asher has been used for O2 plasma 

surface oxidation treatment and has been implemented at 0.7 mbar pressure, 75 W RF power 

and at 25°C process temperature. The change in surface properties of the PDMS materials by 

the O2 plasma oxidation have been studied and characterized using AFM and WLI 

measurement techniques. The major points that have been characterized and investigated were:  

 The contact angles between liquids and oxidized PDMS material  

 Surface roughness and quality of the oxidized PDMS material 

The primary goal of using the O2 plasma surface oxidation has been to make the surface of the 

PDMS template hydrophilic. The enhancement in hydrophilicity of the PDMS material has 

been studied based on the measurements from contact angles and surface energy evaluations 

of the oxidized PDMS material. Decrease in the contact angle between the oxidized PDMS 

material and liquid reveals an increase in the surface energies of the PDMS and thereby 

enhancement in hydrophilic property of the PDMS. During the investigations, AFM 

measurements also revealed a significant increase in surface roughness of the PDMS templates 

treated with O2 plasma oxidation. Thus, a detailed investigation has been performed on the 

duration of surface oxidation to enhance the hydrophilic property of the PDMS, while 

maintaining decent surface roughness of the PDMS template. For an investigation purpose, 

oxidizing the PDMS surface for 2-3 minutes has been performed. Measurements from 

goniometric setup revealed a decrease in the contact angle to (between PDMS and water) less 

than 10°, but the AFM measurement also showed an increase in the surface roughness of the 

PDMS greater than 10 nm and also an increase in the peak to peak values of the PDMS surface 

and thus resulting in altered surface texture of the PDMS templates. Hence, prolonged 

oxidation durations has not been used since it would not only increase the surface roughness 

but also would degrade the PDMS template quality, which would lead to rough imprinted 

layers. Hence, very short durations of oxidation from 10–60 sec have been studied. In this 

chapter, only water has been used for contact angle measurement purpose. Other polymers and 

their contact angles are investigated and presented in section 6.8.  
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Figure 6. 7 Contact angles of PDMS corresponding to the duration of preceding O2  plasma surface oxidation. 

 

 

Figure 6. 8 (a) contact angle of an untreated PDMS surface (b) contact angle of a PDMS surface after 10 sec of O2 plasma 

treatment (c) contact angle of a PDMS surface after 26.80 sec of O2 plasma treatment (d) contact angle of a PDMS surface 

after 30 sec of O2 plasma (d) contact angle of a PDMS surface after 30 sec of O2 plasma treatment 
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The measurements revealed a decrease in contact angle from 105° of an untreated PDMS to 

about 10° with 50 sec oxidized PDMS templates. The oxidation duration and corresponding 

contact angles measured using goniometric contact angle measurement setups are graphed in 

Fig. 6.7. This shows a gradual decrease in the contact angle with an increase in the surface 

oxidation duration. The goniometric software images of the contacts angles made by water on 

the PDMS surface with different oxidation durations are shown in Fig. 6.8. From this analysis, 

30 sec of O2 oxidation has decreased the contact angle about 80 %. (from 105° to 20°).   

From the AFM and WLI measurements, the surface roughness of the PDMS has been found to 

vary between 0.2–1 nm in rms for surface oxidation durations between 10–50 sec. The surface 

roughness measured versus oxidation durations are graphed in Fig. 6.9. Although, Y.J.Baeket 

et al. has specified that the roughness is found to increase with the surface oxidation, but no 

such increase in roughness has been observed with the top surface of the template being hard 

PDMS. This could be due to the higher surface toughness of h-PDMS compared to the 

soft PDMS. 

 

Figure 6. 9  Surface roughness of the PDMS surface vs O2 plasma oxidation time. 

 

The surface texture of PDMS, after each time interval of oxidation, has been measured using 

AFM.  From measurements, the surface oxidation not only increases the roughness but also the 

peak to peak rms values. The peak to peak rms has to be as low as possible for a smooth and 

conformal metal deposition over the PDMS. Fig. 6.10 shows the AFM images of the deposited 

metal surfaces on 30 sec and 60 sec oxidized PDMS surfaces, where the surface topography on 

a 30 sec oxidized PDMS surface shows a smaller grain size and peak to peak heights, when 

compared to the metal surface on a 60 sec oxidized PDMS surface (visually apparent in 

Fig. 6.10).  
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Figure 6. 10 (a) AFM measurement of a metal layer on a PDMS surface after 30 sec of plasma oxidization (b) AFM 

measurement of a metal layer on a PDMS surface after 60 sec of plasma oxidization. 

 

Apart from considering the improvement in contact angle and surface roughness, the bonding 

strength of metal to PDMS has also been studied. Scotch tape test has been used to measure 

the bonding strength between the deposited metal and the oxidized PDMS surface. After each 

period of surface oxidation, a metal layer (Titanium or Aluminum or Gold, etc.) has been 

deposited over the oxidized PDMS surface, and the Scotch tape has been applied uniformly 

over the template and then has been pulled out with an almost identical force. The Scotch tape 

test exhibited that the surface oxidation for 30 sec provided sufficient adhesion strength to the 

metal and PDMS interface. Fig. 6.11(a) shows the pictures of the Scotch tape test on a non-

oxidized PDMS surface, presenting a poor adhesion strength of metal to PDMS. Fig. 6.11(b) 

shows the scotch tape test with a 30 sec oxidized PDMS templates, showing strong adhesion 

between the deposited metal and the PDMS. Although O2 plasma surface oxidation provided a 

very strong adhesion of metal to PDMS, two major disadvantages were existing while treating 

the PDMS only with O2 plasma oxidation: 

They were: 

(i) Fast recovery of the surface hydrophobic property of the PDMS 

(ii) Surface topography mismatch between the metal and the PDMS. 
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Figure 6. 11 (a) photo of a scotch tape test performed on an untreated PDMS surface, showing delamination of the metal 

from the PDMS surface (b) scotch tape test on an oxidized PDMS surface, revealing strong adhesion of metal on the 

PDMS surface. 

 

The contact angle of a 30 sec oxidized PDMS template has increased from 20° to about 

45°within an hour. The evaporation of the metal has to be done immediately after the treatment, 

which is not achievable under all circumstances. Although we can retain the hydrophobic 

properties of the PDMS by preserving it in water or other solutions, the major problem was the 

non-conformal adhesion of the metal layer to the PDMS surface. The deposited metal on a 

30 sec treated PDMS surface was very efficiently structured and remained smooth until it has 

been used in the imprint process. After the imprint process, the metal layer did not totally 

delaminate, but a severe cracking of the metal layer has been observed. The experimental 

details of metal deposition are discussed in section 6.5 

Fig. 6.12(a) shows a microscopic image of efficiently structured metal over the PDMS 

template; the buckled surface of the metal is not visible due to high reflection from the metal. 

Hence, a magnified surface profile is provided in Fig. 6.12(b). The buckling phenomena of the 

metal were inevitable due to the different thermal expansion coefficients and surface profiles 

mismatch between the PDMS/metal material interfaces. This buckled surface of the metal layer 

has not be taken as a point of importance, as the metal layer has not being used as a functional 

electronic component. 

 

 

Figure 6. 12 (a) microscopic image of an efficiently structured metal over the PDMS template (b) magnified image of the 

buckled metal layer (c) cracked and buckled metal layer on the PDMS template after the imprint process. 
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Until this stage of the experimental process, the metal deposition and structuring have been 

very successful. But the microscope images showed severe buckling and cracking of the metal 

on the PDMS template after the imprint process, which would no longer block the UV light, is 

shown in Fig. 6.12(c). This cracking of metal has been due to the surface texture mismatch 

between the PDMS and metal. Thus, the major focus of surface treatment has been turned 

towards the PDMS surface texture modification along with the improvement in 

bonding strength.  

6.4.2 Pre-Straining and UV-Oxidation of the PDMS Surfaces 

The major reason for the formation of buckles in the deposited metal layer has been due to the 

strong mismatch of coefficient thermal expansion between the metal and PDMS materials. 

Hence, to match the surface contour of the PDMS to the deposited metal, a certain amount of 

pre-strain has been induced onto the PDMS surface by mechanical stretching. But inducing 

pre-strain alone didn’t provide the desired conditions for strong bonding. Therefore, the surface 

oxidation treatment has also been provided along with the pre-straining process. O2 plasma 

oxidation cannot be used during the stretching process because the duration of mechanical 

stretching has to be long enough to provide an adequate amount of retainable pre-strain in the 

PDMS material. As discussed in the previous section a longer duration of O2 oxidation has 

revealed an increase in the surface roughness of the PDMS. Hence, surface oxidation with UV 

light, while pre-stretching the PDMS template has been performed and is experimentally 

disused in this section. 

A 3 inch PDMS soft template has been stretched to 3.1 inches by mechanically stretching it 

between two clampers in the horizontal direction, thereby a mechanical pre-strain of ε ~ 1% 

has been induced (eq 4.1) into the PDMS template. While maintaining the stretching for 60 

min, the template has been oxidized under UV light for the entire time interval, using a tungsten 

halogen lamp (𝜆 ~ 402 nm), in the presence of oxygen. Gradually releasing the soft template 

generated an oxidized and wavy surface contour on the PDMS surface was generated. The 

wavy surface contour has been due to the small percent of permanent pre-strain (~ 0.1 %) 

induced into the PDMS material. The wavy sinusoidal surface of the soft template after pre-

straining (~ 1%) and UV oxidation treatments has been characterized by AFM measurements, 

shown in Fig. 6.13 (a), which revealed a surface roughness < 1 nm and peak to peak height 

around 6 nm for a 60 min UV oxidized PDMS. As the top layer in our soft template is h-PDMS, 

it sustains a minimum stress, as it has more fracture toughness than soft PDMS. Straining the 

PDMS more than 1% resulted in micro cracks on the template surface, as shown in 

Fig. 6.13 (b).  
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Figure 6. 13 (a) AFM image of the wavy texture of stretched and UV treated PDMS surface with ~ 1% strain (b) AFM 

image of the wavy texture of stretched, and UV treated PDMS surface with more than 1% strain. 

The UV oxidization process has also retained the improvement in hydrophilic properties of the 

PDMS up to 72 hours. But the major problem with treating the surface only with UV oxidation 

was the poor surface energy enhancement. Even after UV light treatment for 60 min, the contact 

angle has not been decreased beyond 94°, as shown in Fig. 6.14(a). This high contact angle 

revealed a small surface energy of the PDMS, thereby resulting in poor adhesion of the metal 

to the PDMS surface. Fig. 6.14(b) shows a microscopic image of a soft template with structures 

covered with a metal layer. The image in Fig. 6.14(c) displays the delaminated metal films 

during scotch tape test. Hence, structuring of metal on a UV oxidized PDMS with a good 

adhesion strength has been not successful. Hence, the two major properties that have been taken 

into consideration for hybrid template fabrication were: 

(i) Retaining the low contact angles and high surface energies 

(ii) Attaining a wavy surface contour on the PDMS surface. 

 

 

(a) 

(a)                                                                                  (b)                                        

94 ° 
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Figure 6. 14  (a) contact angle of PDMS after 60 min of UV treatment (b) microscopic image of a soft template with 

structures covered with a metal layer (c) poor adhesion of metal to PDMS template treated only with UV light oxidation. 

 

In the next sections surface treatments with a combination of both, UV light and O2 plasma 

oxidation has been addressed and discussed in detail. 

6.4.3 Combination of UV and O2 Plasma Surface Oxidation Treatments 

A PDMS template with a strong bonding strength, prolonged hydrophobic recovery and  

modified surface texture can only obtained by a combination of  (i) O2 plasma oxidation, (ii) 

pre-stretching and from (iii) UV oxidation. Hence, after including pre-strain along with UV 

oxidation, a short pulse of O2 oxidation was required to retain the enhanced surface energies 

along with the change in the surface topography of the PDMS. The duration of O2 oxidation 

has been investigated from 10-60 sec on a 60 min UV oxidized PDMS. The surface roughness 

and the contact angles after each time interval of surface treated have been characterized using 

AFM and Goniometric contact angle measurement setup. The initial surface roughness of a 60 

min UV oxidized PDMS has been found to be about 0.63 nm. The measured surface roughness 

of the combination of UV (60 min) and O2 (30 sec) has been around 1 nm. Fig. 6.15 represents 

(b) 

(c) 

Applying Scotch tape on the template 

and pulling out with an identical force 
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the graph between the surface roughness and (UV + O2) oxidation duration of a 

PDMS template. 

 

Figure 6. 15 Surface roughness versus durations of  UV + O2  surface oxidations on a PDMS template. 

 

The contact angles, surface roughness and adhesion strength of each set of experiments have 

been studied individually. The Scotch tape test revealed a very strong bonding strength of the 

metal to a PDMS (Pre-strained, UV oxidized for 60 min and O2 plasma oxidized for 30 sec). 

The goniometer measurements also showed a good hydrophilic improvement with a contact 

angle of < 20o. This combination also retained the contact angle ( < 20o ) up to 72 hours. The 

surface profile of a PDMS template treated only with UV oxidation is shown in the AFM 

measurement in Fig. 6.16 (a). The surface profile of PDMS with the combinational treatment 

of UV and O2 oxidation is shown in Fig. 6.16 (b).  Therefore, the recipe of O2 plasma, pre-

stretching and UV oxidation has been a requisite to offer stable surface modification and a 

flexible metal over the PDMS template. The wavy surface of the metal is shown by a SEM 

micrograph in Fig. 6.17.  The buckling period and orientation of metal were not within our 

focus of research in this thesis, as the metal layer has been used only as a UV blocking layer 

and not as a functional layer. A comprehensive examination on the amplitude and periodic 

orientations of the buckling has been reported by Caper et al.[118]. This sort of wavy deposition 

is a failure in flexible electronic applications, however, in the process of soft template 

fabrication the buckled sinusoidal surface topography of deposited metal, assisted in a positive 

way to provide flexibility and a stretchable behavior. Hence, no deformation or fractures have 

been observed on the templates after the imprint process.  
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Figure 6. 16 (a) surface of the PDMS template treated with 60 min of UV oxidation (b) surface of the PDMS template 

treated with 60 min of UV oxidation along with 30 sec of O2  plasma oxidation. 

 

 

Figure 6. 17 Surface of a metal deposited PDMS template, which has pre-strained (1 %) and UV oxidized for 60 min 

followed by O2 plasma oxidization for 30 sec. 

6.5 Deposition of Compatible Metals over PDMS Templates 

The surface oxidation of PDMS by O2 and UV treatment enhanced the surface properties of 

PDMS and made it suitable for metal deposition. But choosing a suitable metal that can 

withstand a certain amount of mechanical stress and strain during the imprint process. Also, to 

have a very good adhesion and providing maximum reusability for the template has also been 

a crucial aspect.  

Similarly, the adopted metal of adequate thickness has to block the UV light of a certain 

wavelength range and intensity. In this section, the influence of different metals and their 

surface match with PDMS are discussed. The deposition of all the metals on PDMS have been 

done using Balzers BAK 600 under a vacuum pressure less than 2x10-6 mbar and at a deposition 

rate of 0.3 nm/s. Initially, chromium (Cr) has been taken into consideration, as it is one of the 

common materials for optical lithography masks.  

(a)                                                                                 (b)                                        
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As Cr is normally a highly stressed material, with higher Young’s modulus, there exists a great 

thermal expansion coefficient/surface mismatch between the deposited Cr and the PDMS 

surfaces. The 0.1 % of permanent pre-strain induced during the pre-stretching process to the 

PDMS surface, has shwon to be insufficient to withstand the stress induced by the Cr layer 

during the deposition process. Further increase of the pre-strain was not possible, as the fracture 

toughness of the h-PDMS is higher. Although a Cr layer up to 10 nm thickness showed a very 

smooth surface but increasing the thickness resulted in an increased surface mismatch. 

However, Cr showed a very good adhesion strength to the surface of PDMS, during the Scotch 

tape tests. The surface profile of 80 nm of Cr on the PDMS surface is shown in an AFM 

measurement in Fig. 6.18 (a).  Therefore, metals with lower Young’s modulus and stiffness 

have been chosen. Different metals have been considered, e.g. Gold (Au), reveals a medium 

Young’s modulus around 74.46 GPa and stress around 11-23 x 10-7 Pa. Depositing 80 nm of 

Au, shows very good surface match with the PDMS surface, no bucking on the surface or 

cracks were observed. The smooth surface profile of Au via an AFM measurement is shown in 

Fig. 6.18 (b). But Au provided very poor adhesion strength to treated PDMS surfaces, despite 

treatment with O2 and UV oxidation. The scotch tape test provided a very poor adhesion of Au 

to PDMS.  

Hence, the investigation went towards a material which can permanently bond to the PDMS 

surface, along with having a low Young’s modulus. From the state of the art flexible 

electronics, there exists very good bonding between the oxidized PDMS surface oxygen 

molecules and the Titanium (Ti). Deposition of Ti directly on the oxidized PDMS surface 

revealed a very strong bonding between the Ti and oxidized surface molecules (Ti-O-Si), which 

resulted in the formation of permanent TiO2 bonding. Also, Ti shows relatively low Young’s 

Modulus of 110.3 GPa and stress (2-50 x 10-7 Pa). Initially, 5 nm of Ti has been deposited on 

a treated PDMS sample. Later, 80 nm thick Cr has been deposited on the Ti layer, to function 

as a UV-blocking material. Despite all the methodologies and techniques being used, a strong 

surface mismatch between the PDMS and Cr has been exhibited. The scotch tape test proved a 

very good adhesion between the Ti and Cr surface but showed a very poor surface profile. The 

surface profile of Cr with Ti as monolayer is shown in Fig. 6.18(c). As Au also revealed a very 

good bonding to Ti, 80 nm of Au has been deposited over 5 nm of Ti on pre-strained/oxidized 

PDMS surfaces. This bilayer of Ti/Au provided a very strong bonding during the scotch tape 

test and also there existed a perfect surface match between the Ti and Au. The surface profile 

of Au is shown by an AFM image in Fig. 6.18(d). Different metals like aluminum, platinum 

and nickel and their combinations were also investigated, but the combination of Ti (5 nm) and 

Au (80 nm) provided a good surface topography, bonding and UV-blocking over the soft 

template. The deposition parameters of Ti and Au are summarized in Table 6.1 
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Figure 6. 18 (a) Cr metal layer on a PDMS substrate (b) Au metal layer on a PDMS surface (c) combination of Ti and Cr 

on PDMS substrate (d) combination of Ti and Au on PDMS surface. 

 

Table 6. 1 Deposition parameters of Ti and Au on PDMS using e-beam evaporation 

Parameters                          Conditions        Parameters                            Conditions                    

 

Vacuum pressure                   2 x 10 -6 mbar 

 

Deposition rate of Ti               0.3 nm /s 

 

Thickness of Ti                        5 nm /s 

 

Deposition rate of Au             0.3 nm /s 

 

 

Chamber Temp                           18°C 

 

Substrate Temp                        Not heated         

 

 

Thickness of Au                          80 nm  
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Structuring of the metal bilayer of Ti (5 nm) and Au (80 nm) on the PDMS has been done using 

photolithography. The structuring of the metals has been carried out after 24 hours of the 

deposition process; this enabled the metals to stabilize with the PDMS surface. A positive 

photoresist AZ1518 has been used to structure the metal on the template protrusions. The resist 

has been spin coated over the PDMS template. The PDMS template has been aligned using a 

lithography mask, to pattern photoresist and a UV dose of 6.5 sec has been given, which is 

sufficient to cure the photoresist. The template has been developed in a 0.8 % KOH developer 

solution for 30 sec. Now the Ti and Au layer are structured using I2: KI: H2O and hydrofluoric 

acid (HF) etchants for 30 and 10 seconds, respectively. Lastly, the photoresist has been 

removed from PDMS by placing it in an acetone solution for 5 minutes. The final PDMS 

template with structured metal on its protrusion is shown in Fig. 6.19.  

 

 

Figure 6. 19 photo of a PDMS soft template with metal structured over its protrusions. 

 

The PDMS template has been protected with an FDTS, an anti-sticking layer to increase its 

reusability. The FDTS evaporation has been done using a vacuum chamber and the process of 

evaporation is left overnight. Table.6.2 summarizes the set of surface oxidations and suitable 

metal combination experiments conducted to fabricate a hybrid SCIL soft template, to provide 

good adhesion and flexible metal deposition.  
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Table 6. 2 Comparison of different PDMS surface treatments and metals [15]. 

Surface Treatment  Adhesion of 

metal to PDMS 

Ability to withstand  

mechanical stress 

Surface topography 

matches between PDMS 

and metal 

Virgin PDMS  Poor Poor Poor 
O2 plasma for 30 sec Good Poor Poor 
Pre-strain and UV (60 min) Poor Good Good 
Pre-strain + UV (60 min) + O2  

( 30 sec) 
Good Good Good 

Cr 80 nm as UV-blocking 

metal 
Good Poor Poor 

80 nm Cr as over 5 nm of Ti Good Poor Poor 
80 nm of Au over 5 nm of Ti Good Good Good 

 

The reflection and transmission mode images of the fabricated template are shown in 

Fig. 6.20(a) and (b) respectively. These tests have been made to demonstrate that transmission 

of light only occurs in the desired circle areas and complete blockage is achieved in rest of the 

sample areas. This proves that the quality of metal deposited over the soft template and it does 

not have any cracks that can pass UV light.  

 

            

Figure 6. 20 (a) microscopic image of a hybrid PDMS template in transmission mode (b) microscopic image of a hybrid 

PDMS template in reflection mode. 

 

As different solvents were required for structuring the metal over PDMS, the negative effects 

of different solvents and etchants on the PDMS materials and change in its surface properties 

are discussed in this section. There were two major parameters that have been investigated to 

test the quality of PDMS.  

(i) The surface roughness  

(ii) Swelling of the PDMS.  

The surface roughness measurement has been done using AFM, for which the PDMS has been 

soaked in different solvent and etchants for a particular amount of time and the surface 

roughness has been measured. But as the interaction of PDMS with solvents during the 

template fabrication process has been pretty rare ( ~ 30 sec) any kind of negative effects on the 

(a)                                                                           (b) 
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surface roughness of the PDMS have not been observed. But prolonged wet etching and 

development time ( > 5 min) resulted in increased surface roughness and deformation. To 

investigate the tendency of PDMS to interact with the solvents, weight measurement of PDMS 

before and after soaking in a solvent have been performed. A 600mg PDMS sample template 

has been taken and tested by soaking it in water, acetone, isopropanol, ethanol, KOH and Ti 

and Au etchants. The weight of the PDMS samples before interacting with the solvents and the 

weight of PDMS after soaking it in different solvent/solutions have been measured for time 

intervals of 1 min, 2 min, 3 min and 4 min. Since during fabrication process the PDMS template 

interacts with the solvents only for only short intervals of time, there were we expect no 

significant change in PDMS for those time intervals. The PDMS sample were dried after 

removing the solvent and weighed on an electronic weighing machine within a minute, to avoid 

wrong result due to evaporating of solvent from the sample. The above process has been 

repeated at least three times to improve accuracy. The detailed view of the weight of the PDMS 

samples, before and after soaking, the elapsed time intervals and different solvents applied are 

summarized in Table 6.3. Solvents (water, ethanol, and acetone) whose chemical properties 

like solubility, dipole moment are close to that of the PDMS did not affect the properties of 

PDMS by any means. Hence, the influence of these solvents on PDMS has been neglected for 

future applications. The high dispersion forces of non-polar solvents like etchants (KOH, etc). 

might contribute in swelling of the PDMS. Hence, the negative effects of these solvents on 

swelling and surface roughness have to be taken into consideration. Interaction of PDMS with 

acidic solvents have not revealed any considerable effects on swelling for the very small 

duration of the interaction. But prolonged reaction might dissolve the parts of PDMS by 

reacting with polymerized components in the polymers called oligomers causing changes in 

the properties of the polymer. J. N. Lee et al. have investigated the swelling by immersing a 

solid piece of PDMS in a wide range of solvents for 24 hours and even longer [128]. As the 

period of interaction with the chemicals is very small in this thesis work, not many noticeable 

changes were recorded in the swelling and surface roughness of PDMS sample as seen from 

the below-tabulated readings. 

Table 6. 3 Comparison of swelling of PDMS for different solvents and solutions. 

 

No 

 

Solvents 

 

Time 

Initial 

weight of 

PDMS 

Final 

weight of 

PDMS 

Degree of 

swelling 

 

Observations 

 

 

 

1 

 

 

 

Water  

1min 0.6 g 0.6 g 0  

 

 

 

No swelling 

has been 

observed 

2min 0.6 g 0.6 g 0 

3min 0.6 g 0.6 g 0 

4min 0.6 g 0.6 g 0 

  1min 0.6 g 0.6 g 0  
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2 

 

 

Ethanol 

2min 0.6 g 0.6 g 0  

 

 

No swelling 

has been 

observed 

3min 0.6 g 0.6 g 0 

4min 0.6 g 0.6 g 0 

 

 

3 

 

 

Acetone 

1min 0.6 g 0.6 g 0 A very small 

amount of 

swelling has 

been induced 

in the PDMS 

material. 

2min 0.6 g 0.6 g 0 

3min 0.6 g 0.7 g +16.66% 

4min 0.6 g 0.7 g +16.66% 

4  

Isopropanol 

1min 0.6 g 0.6 g 0  

A very small 

amount of 

swelling has 

been induced 

in the PDMS 

material. 

2min 0.6 g 0.6 g 0 

3min 0.6 g 0.7 g +16.66 % 

4min 0.6 g 0.7 g +16.66 % 

 

 

5 

 

 

 

KOH 

1min 0.6 g 0.6 g 0  

 

 

 

No swelling 

has been 

observed 

2min 0.6 g 0.6 g 0 

3min 0.6 g 0.6 g 0 

4min 0.6 g 0.6 g 0 

 

 

 

6 

 

 

 

Chromium 

etchant 

Perchloricaci

d(HCLO4) 

1min 0.6 g 0.6 g 0  

 

 

 

No swelling 

has been 

observed 

2min 0.6 g 0.6 g 0 

3min 0.6 g 0.6 g 0 

4min 0.6 g 0.6 g 0 

 

 

 

7 

 

 

 

Titanium 

etchant 

(20H2O:1 

H2O2:1HF) 

1min 0.6 g 0.6 g 0  

 

 

 

No swelling 

was observed 

2min 0.6 g 0.6 g 0 

3min 0.6 g 0.6 g 0 

4min 0.6 g 0.6 g 0 
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8 

 

 

 

Gold etchant 

(5g Iodine, 

20g KI, 

200ml H2O) 

1min 0.6 g 0.6 g 0  

No swelling in 

the opted time 

instances but 

the material 

changes its 

color due to 

slight 

absorption of 

etchant 

2min 0.6 g 0.6 g 0 

3min 0.6 g 0.6 g 0 

4min 0.6 g 0.6 g 0 

6.6 Application of Hybrid Soft Templates for Residual Layer Free 

Polymer Patterning 

In this section, residual layers existing after imprints done with standard PDMS templates and 

hybrid PDMS templates have been studied and compared. The results of characterization are 

summarized. For investigation purposes, UV-curable polymer materials like mr-UVCur06, mr-

UVCur21 and Su8 from Micro chemicals have been investigated for residual layer free 

imprinting. These materials showed suitability with spin coating process as they provide high 

surface uniformity. These polymers also exhibited good bonding strength to DBR’s /Si/ glass 

materials and, therefore are highly suitable in FP filter applications.  

MA6 in SCIL mode has been used for the imprinting purpose. The investigation has been done 

on silicon and glass substrates. First, Si wafer samples have been cleaned with acetone and 

isopropanol and dried at 120oc for 30 min. Adhesion promoters like Ti-prime or mrASP1 have 

been used to enhance the adhesion of polymers to the substrate. Amongst the current polymers, 

mr-UVCur06 revealed more stability during imprint due to its medium viscosity. Hence, mr-

UVCur06 has been chosen for investigation of the residual layer free imprinting in this section. 

It has been spin coated at 4000 rpm to form 300 nm thick polymer layers on a silicon substrate. 

The standard PDMS templates, which are UV-transparent as addressed in section 6.1 and 

shown in Fig 6.1, have been used for initial residual thickness investigations. The grating-like 

structure dimensions on the PDMS template were 145 µm in width, 200 nm in height and are 

separated by 100 µm spacing. The PDMS template has been attached to the templates holder 

by vacuum. The spin coated substrate has been positioned on the substrate holder of MA6. The 

process parameters have been adjusted with a processing delay of 800 sec, WEC offset of 50 

and curing time of the polymer material to 240 sec. Process delay refers to the amount of time 

required to for the polymer material to fill into the structures. Positive value of WEC indicates 

the reductions in the gap between the substrate and the template. Hence, with WEC offset being 

adjusted 50 the substrate (thickness of substrate + polymer thickness) has been in absolute 

contact with the template. In the standard process, 300 seconds of process delay and ‘0’ WEC 

have been sufficient to fill the structures during imprint process. However, for structures with 

longitudinal dimensions greater than 1mm, complete filling of the material into the template 

has been unsuccessful. The longitudinal dimension of the structures used in the chapter is 2.5 
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mm. To fill this kind of structures, the capillary forces and the minimum pressure during the 

imprint process were not sufficient. 

Hence, high WEC and process delay have been used to enhance the filling. A high WEC value 

ensures the substrate in hard contact with the template even before the imprint process has been 

started and provides high pressure from the substrate holder. This pressure enables enhanced 

filling of the polymer into the template and hence, the patterning of the polymer materials has 

been achieved despite the very low capillary forces. But this process of increasing the pressure 

has no longer been a SCIL process. This degraded the vertical resolution and surface quality 

of the imprinted structures. The characterization of imprinted structures with WLI using mr-

UVCur06 with standard soft templates is shown with a WLI image in Fig. 6.21 (a). Despite 

changes in the process parameters have been done to imprint these structures, the imprinted 

structures were connected by a 10-80 nm non-uniform residual layer and filling of the polymer 

in the vertical direction has been partial. The height in the middle of the structures has been 

only ~ 150 nm, which is only 75 % of master heights (200 nm). Although the edges are filled 

successfully to ~ 250 nm, there existed 100 nm variation in height between the edge and middle 

of the structured. The residual layer in-between the structures has revealed a convex shape 

varying from 10 nm on the edges to 80 nm in the middle. Detailed surface characterization of 

the residual layer variation is shown in Fig. 6.21 (b) and (c).  Removal of this kind of residual 

layer using RIE has been highly unsuccessful, due to its non-uniformity and increased surface 

roughness from RIE process. When used for optical filter applications, the residual layer 

affected both the optical and mechanical properties of filters.  

 

                 

(a) 

(a)(

A 

Grating-like structures imprinted with standard PDMS template (UV-transparent) 
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Figure 6. 21  standard PDMS template used (a) WLI image of imprinted structures with standard soft template (b) WLI 

measurement of the non-uniform residual layer between the imprinted structures and partial filling of the imprint 

material in the vertical direction (c) magnified WLI measurement of the non-uniform residual layer. 

Hence, the hybrid PDMS templates embedded with UV-blocking metal layer on top of its 

protrusions, which is introduced in this section 6.2 and shown in Fig 6.2, has been applied to 

remove the residual layer in the lowest level and enhanced resist filling. The patterning of 

polymer mr-UVCur06 with hybrid PDMS templates has been done with 300 sec of process 

delay and 240 sec of exposure time and ‘0’ WEC offset.  The surface profiles of imprinted 

structures with the hybrid template is shown in Fig. 6.22. After imprinting, the external 

topography of the sample has been exactly same as that of Fig. 6.21(b). 

 But in this case, the residual layer in-between the structure has been an uncured polymer, and 

the structures cavities have been cured polymers. In general, the UV-curable polymer is 

required as permanent functional layers in nanoimprint applications, so no standard developer 

solution existed for these polymers. Hence, acetone has been used as developer solution. The 

imprinted sample is treated in acetone for 20 sec. Fig. 6.22(b) shows a WLI image of imprinted 

structures after removal of uncured polymer areas by the development process. Fig. 6.22(c) 

presents the magnified image of the surface between the structures, representing a flat surface, 

implying no measurable residual layer thickness. When compared to that of the residual layer 

from Fig. 6.21(c), where the variation has been around 10-80 nm, the removal of the residual 

layer has been completely achieved with the hybrid templates. Apart from zero residual layers, 

(b) 

(a)(

A 

  (c) 

(a)(

A 

Filling of polymer 

~ 150 nm 

Residual layer (10 -80 nm) 
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enhanced filling of the polymer in the vertical direction ~ 210-215 nm (master heights 

~200 nm) has been achieved with the hybrid templates. Hence, there existed no noticeable 

indifference in heights between the edges and middle of the structures. The variation has been 

due to a 10-15 nm thick residual layer underneath the imprinted structures. The foremost 

property that improved the vertical filling with ‘0’ WEC has been the higher stiffness and 

rigidity provided by the metal layer on the top of template protrusion 

 

 

 

Figure 6. 22 hybrid PDMS template used (a) WLI image of imprinted structures with the hybrid template, after removal 

of the uncured polymer areas (b) WLI measurement of zero residual layers between the imprinted structures and 

enhanced filling of the polymer in the vertical direction (c) magnified WLI measurement of the zero residual layers. 

 

(b) 

(a)(

A 

(a) 

(a)(

A 

(c) 

(a)(

A 

Filling of polymer material ~ 210 nm 

0 nm of  residual layer  
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Other structures like circles and squares, which are mainly important in nanospectrometer 

applications have been also investigated. WLI image of imprinted circular structures is shown 

in Fig. 6.23. The polymer mr-UVCur21 have been investigated for these structures. The 

process parameters are set to: process delay of 300 sec, WEC at ‘0’ and polymer curing time 

of 180 sec. The circles are 150 nm deep on the master template. Fig. 6.23(b) represents a 

measurement of an imprinted structure with 165 nm height. This reveals the residual layer that 

the residual layer thickness beneath the structures has been around 15 nm.  

 

   

 

 

Figure 6. 23 (a) WLI image of imprinted structures with hybrid template, after removal of the uncured polymer areas (b) 

WLI measurement of the imprinted structure (c) WLI measurement of surface roughness of the imprinted structure. 

 

WLI image of square-like shaped structures is shown in Fig. 6.24. The height on the master 

template has been 350 nm, and the imprinted structures revealed ~ 360 nm height i.e. the 

residual layer below the structures varied around ~ 10 nm. When comparing the residual layer 

of circle-like structures (150 nm high), shown in the Fig. 6.23, with the residual layer of the 

square-like structures (350 nm high), shown in Fig 6.24, the residual layer has decreased to   

3%. This experimentally revealed that deeper the cavities are the lower the residual layer 

thickness. Apart from zero residual layer thickness between the imprinted structures, the 

structures being used as functional layers, require complete filling in the vertical direction and 

minimum surface roughness. In addition, surface roughness with the hybrid templates has also 

been investigated using WLI and AFM measurements. The roughness measurement with WLI 

revealed a surface roughness around 1– 3 nm measured in rms, are shown in Fig. 6.23 (c) and 

Fig. 6.24 (c). 

(a)                                                        (b) 

(c) 
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Figure 6. 24 (a) WLI image of imprinted structures with hybrid template, after removal of the uncured polymer areas (b) 

WLI measurement of the imprinted structure (c) WLI measurement of surface roughness of the imprinted structure. 

 

6.7 Aspect Ratio Enhancement using Hybrid SCIL Soft 

Templates 

Aspect ratio (AR) is a geometric parameter of a microstructure, which specifies the ratio of its 

sizes in a different dimension. A high aspect ratio is desired for nanoimprint patterning.  Many 

application like nanospectrometers, wafers level micro-optics, DFB gratings, 2D and 3D 

photonic crystals require a very high aspect ratios. The basic definition of aspect ratio is given 

in Eq.6.1.  

𝐴𝑠𝑝𝑒𝑐𝑡 𝑅𝑎𝑡𝑖𝑜 =  
𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒(𝐻)

𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒(𝑊)
                                          (6.1) 

 

This simply is the ratio of the height to width of the structures.  In the current state of the art, 

technologies like Roll to Roll, Step and Flash lithography, PRINT and deep reactive ion etching 

are implemented to enhance the resolution and aspect ratio [17][18][129][130]. Even though 

these procedures deliver a very decent fabrication excellence, they are not cost effective and 

necessitate extreme working conditions. However, the low cost and high throughput 

perspective of NIL have made it a pioneer in the present fields of science and industry.  

(a)                                                              (b) 

(c) 
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However, the low imprint pressure and capillary forces limit the aspect ratio (AR) of the SCIL 

method. Due to the low capillary forces, the amount of resist material filled into the structures 

is proportional to the volume of the structures. Also, in the SCIL process, as the template are 

made of soft material, the S/H PDMS surface toughness has not been adequate for high aspect 

ratio imprinting. Fig. 6.25(a) shows a schematic drawing of structures on the master template 

and the imprinted structures are presented in Fig. 6.25(b). Further this presents three different 

shapes (circle, grating-like and square-like) on the masters with H1/W1, H2/W2 and H2/W3 

dimensions (not drawn to scale). The dimensions of the imprinted structures whose lateral and 

vertical dimensions are altered by ∓𝛥𝐻 𝑎𝑛𝑑 ∓ 𝛥 𝑊 are shown in Fig. 6.25(b). The change in 

the dimensions of the imprinted structures have been inevitable with standard imprint 

templates.   

 

 

Figure 6. 25 (a) schematic representation of aspect ratios of three structures on a master template (b) degraded aspect 

ratio of imprinted structures. 

 

Fig 6.26 (a) represents a WLI measurements of a Si master template with three circles 

(membranes) for FP filter arrays (addressed in chapter 3), with dimensions of 88 nm x 46 µm 

(height x width). The imprinted structures with this standard PDMS template, using mr-

UVCur06 is shown with a WLI image in Fig. 6.26 (b).  

(a) 

 (b) 
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Figure 6. 26 (a) WLI images of structures on a Si master template (b) WLI image of imprinted structures with the mr-

UVCur06 polymer, revealing diminished aspect ratios. 

 

The imprint process parameters have been set to 800 sec in process delay, WEC offset set at 

50 and a UV exposure at 240 sec. The structural dimensions of the imprinted structures changed 

to 120 µm in width, and 95-70 nm in height. Revealing a deviation (∓𝛥 𝑊) of 74 µm in width 

from the master template (88 nm x 46 µm). The variation in the height has been due to the non- 

uniform residual layer and the variation in the width has been due to insufficient stiffness from 

the h-PDMS template.  

Henceforth, the enchantment of aspect ratio has been investigated with the hybrid templates. 

Structures which are circular and square-like lateral shaped have been analyzed using mr-

UVCur06 and mr-UVCur21 polymers. While imprinting with the hybrid templates, the WEC 

offset has been set to ‘0’ and process delay to 300 sec. The widths of the imprinted circular 

patterns has been improved to 56 µm (master 46 µm), whereas with standard soft templates 

they have been 120 µm. Hence, a deviation of only 10 µm in width has been observed. Table 

6.4 provides a comparison of structure dimensions of the imprinted structures with the 

dimensions of the structures on the master template. The lateral WLI measurements of circular 

and square-like shaped structures with enhanced feature size, sharp edges and zero residual 

layers with the hybrid templates are shown in Fig. 6.27 (a,b).  

 

(a) 

   

(b) 

(b) 
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Figure 6. 27 (a) WLI image of the circular shaped imprinted structures (b) WLI image of the square-like shaped 

imprinted structures. 

 

The dimensions of the imprinted structures very close to the master template (originally 

intended) have been successfully attained with the hybrid templates. The main property that 

improved the aspect ratio has been the rigidness provided by the metal layer on the template 

protrusions, which has shown to sustain the resolution of the imprinted structures. Due to the 

high toughness of metal, the protrusions acted as rigid side walls, pressing the material more 

and hence, asserting more material into the template cavities and hence enhancing the 

aspect ratio.   

Table 6. 4 Aspect ratio comparison of different imprinted structures with their master templates [131] 

 

 

6.8 Modified 3D Soft Templates for Enhanced Resist Filling 

Based on different applications, a removal of residual layer is not always required. However, 

the major drawback present with the SCIL process with small aspect ratio structures has been 

Structure 

shape 

    Master template dimensions Imprinted structures 

dimensions 

Circular 1(C1) W= 235 µm 

 

W= 90 µm 

 

W= 900 µm 

H=70 nm 

 

H=70 nm 

 

H=320 nm 

W= 247 µm 

 

W= 96 µm 

 

W= 910 µm 

H=76 nm 

 

H=74 nm 

 

H=330 nm 

Circular 2(C2) 

Square 

(a) 

  (b) 
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the incomplete filling of the resist material, due to the very low pressure and capillary forces 

used during imprint process. Therefore, structures with longitudinal dimensions > 2 mm, were 

nearly not filled. Fig. 6.28 represents a WLI image of longer structures with incomplete filled 

resist areas. When compared to the filled structures in Fig. 6.21, in which a very high WEC 

offset (50) has been used. Whereas in Fig. 6.28 zero WEC offset has been used, therefore, 

these structures revealed a very poor filling. The height/depth of the structures on the master 

template were 200 nm but the imprinted structures revealed only 100 nm filling on their edges, 

and the filling in the middle of the structures is only about 15 nm, as shown in Fig 6.28. This 

clearly shows that the structures are nearly not filled in the middle.  

 

Figure 6. 28 WLI image of low aspect ratio imprinted structure with incompletely filled cavities. 

 

Excluding the complicated step of metallization and structuring of metal on the PDMS template 

protrusions, the filling of the polymer into the PDMS template has also been improved by using 

a monolayer on top of the template. The monolayer revealed a decrease in the contact angle 

due to the polymer on the template surface. The chosen monolayer has also provided enough 

toughness to maintain the aspect ratio of the imprinted structures and has strong adhesion to 

the PDMS. The contact angle made by the different solvents to the surface of the template is 

an important parameter in determining the amount of polymer filling into the structures of the 

template. The lower the contact angle, the higher the filling. Also, the contact angles revealed 

the amount of contamination made by the UV-curable polymer to the template. From the 

discussions in section 6.5, Titanium (Ti), exhibited a very good bonding strength with PDMS 

and adequate surface toughness. This has been revealed as a compatible match to function as a 

monolayer to the PDMS templates. The schematic of the template with Ti on its surface is 

shown in Fig. 6.29. The standard PDMS templates have been treated with O2 (30 sec) and UV 

oxidation (60 min) as discussed in section 6.4. For Ti deposition, Balzers BAK 600 under 

vacuum pressures less than 2x10-6 mbar and at a deposition rate of 0.3 nm/s has been used. In 

this case, as no other UV-blocking layer is required, the major point that has been considered 

is the contact angle of different solvent with the Ti surface, to ensure that the quality of the 

PDMS has not been diminished and to ensure the probability for reusability of the template.  

The lower the contact angle between the modified templates and the imprint material, the 

higher the filling of the material into the template. Hence, comparison of the contact angle with 

100 nm 

        15 nm 
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the standard and Ti deposited PDMS templates with different polymers and description of each 

polymer have been investigated and presented in the following sections. 

 

 

 

 

 

Figure 6. 29 Schematic of a modified soft template with Ti on its surface. 

 

(i) mr-UVCur06 

 

This UV-curable polymer has been an ideal polymer as cavity material for FP filters arrays, 

and other wafer-scale or steps repeat UV imprints. It has revealed a very good thickness 

uniformity and residual layer thickness less than 10 nm [132]. The contact angle made by mr-

UVCur06 with the unmodified template has been measured to be 43°, whereas the contact angle 

of this polymer has decreased to 22° with modified templates. Hence, the filling of the material 

into the template has been improved and also no contamination on the PDMS template has 

been observed after the imprint. The goniometric contact angle measurements of mr-UVCur06 

made with standard and Ti layer covered templates are shown in Fig. 6.30 (a) and Fig. 6.30 (b), 

respectively. 

 

       

 

Figure 6. 30 (a) Contact angle made by the polymer mr-UVCur06 with the standard template (b) contact angle made 

by the polymer mr-UVCur06 on the modified template. 

 

(ii) mr-UVCur21 
 

This polymer material exhibited similar properties to mr-UVCur06, but has less viscosity and 

hence, revealed a faster and deeper filling of the polymer material into the template cavities. 

Higher spin coating quality and thickness uniformity have been achieved. A very low residual 

layer thickness of < 10 nm can be achieved [132]. But mr-UVCur21’s stability and surface 

Hard-PDMS 

Soft-PDMS 

Ti layer 

(a)                                                                   (b) 

43° 

22° 
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toughness have been much less than that of mr-UVCur06, making it less suitable as a functional 

layer. The contact angle made by mr-UVCur21 with the standard templates revealed a low 

value of 26°, shown in Fig. 6.31(a). The change in contact angle of this polymer with the 

modified templates showed no observable change. There has been only ~ 4° contact angle 

difference between the modified and standard templates.  

 

   

Figure 6. 31 (a) Contact angle made by the polymer mr-UVCur21 on the standard template (b) contact angle made by the 

polymer mr-UVCur21 on the modified template. 

 

(iii) mr-NIL6000 

 

NIL6000 is one of the latest UV-curable polymers from micro resist chemical. The chemical 

properties of mr-NIL were found to be between that of mr-UVCur06 and mr-UVCur21[133]. 

The contact angle made by this polymer to the PDMS template has decreased from 38° of the 

standard template to 22° of the modified template. The decrease in 16° of contact angle has 

revealed a significant improvement in the filling of this polymer material into the template and 

no contamination on the template has been observed. 

 

   

Figure 6. 32 (a) Contact angle made by the polymer mr-NIL6000 on the standard template (b) contact angle made by the 

polymer mr-NIL6000 on the modified template. 

 

 

 

(a)                                                                             (b) 

(a)                                                                           (b) 

26° 22° 

38° 
22° 
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(iv) SU-8 

 

SU-8 derives its name from the presence of 8 epoxy groups, and when exposed to UV light it 

becomes cross-linked, while the remaining part of the film remains soluble and is washed away 

during development. Patterns with high aspect ratios of up to > 20 can be achieved with SU8 

[134]. The decrease in contact angle made by SU8 to the modified templates has been around 

42° when compared to its angle of 58° with the standard templates. This revealed a small amount 

of improvement the filling of the resist and a slight contamination of SU8 on the PDMS 

template has been observed. 

 

    

Figure 6. 33 (a) Contact angle made by the polymer Su-8 on the standard template (b) contact angle made by the polymer 

Su-8 on the modified template. 

 

In the next experimental steps, the imprint results of the modified template using ‘0’ WEC 

offset have been compared with that of the standard template with WEC offset of 50. The 

comparison has been done using mr-UVCur06 on MA6. The structures on master template, 

which has been selected were 200 nm in height, 145 µm in width and 100 µm spacing. WLI 

measurements of imprinted structures with standard templates are presented in Fig .6.34 (this 

fig WLI is similar to that in Fig 6.21, but repeated to make the comparison easy), who’s filling 

has been around 250 nm at the edges of the structures and the filling of the structures in middle 

has varied between 120 nm to 150 nm. Thereby a difference of ~ 100 nm in height existed 

between the edges and middle of the structures.  

                       

(a)                                                                         (b) 

58° 
42° 

https://en.wikipedia.org/wiki/Epoxy
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Figure 6. 34 WLI image and surface profile of the imprinted structured obtained using mr-UVCur06 and the standard 

PDMS template. 

 

The average width of these higher structures have been around 170 µm (145 µm on master), 

and that of the spacing between two grating decreased to 75 µm (199 µm on master). The depth 

of the residual layer varied between 10 nm to 80 nm. This explains the inefficiency of resist 

filling occurring with the standard imprint templates.  

While on the other hand, imprinting with modified templates, with 800 sec of process delay 

and ‘0’ WEC has been done. The average height of the imprinted structures have been varied 

around 255 nm at the edges to 190 nm in the middle and the width of these structures has been 

found to be around 150 µm. Hence, difference in height between the edge and middle of the 

structures has reduced to ~ 60 nm, whereas it is 100 nm with standard templates. Fig. 6.35 

shows a WLI measurement of an imprint with the modified template, which revealed a very 

good improvement of the polymer filling into the template. However, even after using the Ti 

coated PDMS, the resist has not been completely filled into the structures. But the filling in the 

middle of the structures has considerably improved when compared to the structures seen in 

Fig. 6.34. Also, the residual layer with the modified template has been improved (reduced) to 

40-45 nm, whereas using the standard template, it has been around 80 nm. Even though the 

modified templates, decrease the residual layer and increases the filling up to some extent. The 

surface roughness of the imprinted structures from WLI measurements has to be found to be 

greater than 5 nm. As the lateral structure dimensions were in the lateral sub millimeter range, 

the filling in average has been very low. But this modification to soft templates can be 

implemented for low aspect ratio structure for future investigations. 
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Figure 6. 35 WLI image and surface profile of the imprint structures obtained using mr-UVCur06 and a PDMS template 

with Ti deposition. 

6.9 Summary 

The PDMS surface modification methodologies like O2 plasma, pre-straining and UV 

treatment and their effects on the surface properties of PDMS have been investigated using 

contact angle measurements, the Owens & Wendt's method, and AFM measurements. The 

suitable metals over PDMS and metallization of PDMS suitable for nanoimprint have been 

studied experimentally and discussed. Taking into consideration all the surface modification 

methodologies, hybrid templates have been fabricated, thereby enabling selective UV curing 

in desired locations. The removal of the highly non-uniform residual layers has been achieved 

by the selective UV curing metal on the template protrusion and removal of the uncured areas 

(uncovered residual areas) by the development process. Hence, the cumbersome process of RIE 

has been eliminated.  Thus, the removal of the residual layer to its lowest level with 3D SCIL 

process, irrespective of surface non-uniformity has been achieved. The results of the studies 

concerning the enhancement in the aspect ratio of the imprinted structures with hybrid 

templates have been summarized. The improvement in resist filling with modified PDMS 

templates based on the contact angle measurements with different polymer materials have been 

characterized in this chapter. 

 

 

 

 

 

 

 

 

 

255 nm 
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Chapter 7 

Imprinting Tunable Fabry-Pérot Filters using Hybrid 3D Soft 

Templates: Technological Process, Experimental Results and 

Discussions 

In this chapter, the technological fabrication process for the fabrication of micromachined 

tunable FP filter arrays is presented using hybrid PDMS templates which have been developed 

in this thesis. Subsequently, the results of the experimental characterization is included as well 

as a discussion of the experimental data. 

7.1 Imprinting Tunable Fabry-Pérot Filters with Standard Soft 

Templates 

In Chapter 2.5 the disadvantages resulting from existing or in lateral directions 

indomogeneously distributed residual layers in 3D nanoimprint has been already adressed. In 

This Chapter, at first, the negative effects of the varying thickness of residual layer as a function 

of the filter dimensions have been studied. In addition, the experimental details of the residual 

layer free structures of the filter cavities using hybrid templates and their results are 

summarized in this chapter. For industrial applications, FP filter arrays with laterally and 

vertically varying cavity dimensions are required, to make the filter array compatible with 

various detector types and also to inbuilt filters with different stopband ranges on a single chip.  

Since the notation is crucial in the following Fig. 3.9 is repeated and detailed in Fig. 7.1. As it 

is complicated to show the membrane and suspension region within a cross section images, a 

schematic top view of a single filter is shown in Fig 7.1(b), where the filter membrane region, 

suspension, air-gap and supporting posts are shown. The filter air-gap cavity (red) is that part 

of the air-pool which is the optical cavity (red) just below the top DBR and is shown in 

Fig. 7.1(c). However there is also air below the membrane and the suspensions and in between 

these structures. To avoid confusion the whole cylindrically shaped basin including air is 

denoted as air-pool. The air-pool is shown in Fig. 7.1 (d) in orange color  
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Figure 7. 1 (a) reproduction of Fig. 3.9, (b) SEM micrograph of a micromachined tunable filter, (c) definition of the filter 

air-gap cavity shown in red, (d) definition of the air-pool in orange. 

 

    (a)                                                      

(b) 

    (b)                                                      

(b) 

    (c)                                                      

(b) 

    (d)                                                      

(b) 
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In the state-of-the-art before this thesis started, Wang et al. have applied SCIL 3D soft 

templates to imprint sacrificial layers of tunable FP filters [6]. This is called the old standard 

process (using standard templates) as introduced it in Chapter 6, in order to separate it  clearly 

from the novel approach of this thesis using the novel hybrid templates. Using the old standard 

templates the desired array of cavity heights had been patterned in a single step using a UV-

curable polymer material, as shown in Fig 7.2 (a).  

    

Figure 7. 2 (a) sacrificial layer and geometries of subsequent cavities imprinted with standard 3D soft templates (b) 

under-etched air-gap cavities and suspensions, as well as the complete air-pool. 

 

The imprinted cavity layers function in this case also as sacrificial layers during the under-

etching process to form the air-pool, shown in Fig 7.2 (b). The SCIL process revealed an 

excellent imprint quality, despite imprinting has been done on a DBR arrays with structured 

electrodes. Making use of the WEC option in the SCIL process, the non-uniform surface (DBR 

+ structured electrode) has been conformably imprinted. However, the major drawback present 

with the standard imprint technique is the laterally varying residual layer. So despite being able 

to imprint different cavity heights for the filter array, the laterally varying residual layer has 

always existed with the imprints using standard 3D soft templates. Hence, there existed a great 

non-uniformity in the sacrificial layers and this affected the optical and mechanical properties 

of the FP filters during formation of the air-pool through the under-etching process. Apart from 

the residual layer, another difficulty that existed with the tunable filter design structure has 

been the under-etching of the sacrificial layer to form the suspensions and the suspended 

    (a)                                                      

(b) 

 

    (b)                                                      

(b) 
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membranes. Ideally, the sacrificial layer only underneath the filter membrane and the 

suspension has to be etched to form the air-gap. The rest of the sacrificial layer has to function 

as the supporting posts for the filter actuation process. An array of three ideally etched filters, 

with air-gap only underneath the filter membranes and suspensions, is shown in Fig 7.2(c). But 

in practice, the sacrificial layer has also been partly etched away from the supporting posts. In 

the following still the old standard temples are used. During the investigation process, arrays 

of filters with different cavity sizes have been fabricated. The pool layer has been imprinted, 

this later functions as sacrificial layer during under etching and also as supporting posts for the 

actuation process. During fabrication procedure, the sacrificial layers of laterally larger cavity 

filters have been under etched only partly and the filter air-gap cavities are only partly formed. 

But for the laterally smaller membranes the sacrificial layer has been etched away completely 

below the membranes as shown in Fig 7.3.  

However, due to the different sacrificial layer thicknesses the underetching in the supporting 

posts had been more pronounced the thinner the sacrificial layers had been. Compare the four 

supporting posts visible in Fig. 7.3. Unfortunately, the partly etched away sacrificial (residual) 

layer from the supporting posts affected the mechanical properties of the filter and had made 

the actuation of the top DBR less reliable and reproducible. Fig 7.3 shows three filters with 

different membrane sizes and 3 different air-pool heights (1, 2 and 3). For a fixed etching time 

of ‘X’ minutes, the sacrificial layer of filter ‘1’ has been etched completely to form the air-gap 

below the filter membrane and suspensions. But for filter ‘1’ at the same time the supporting 

posts have been partly etched in cases neighboring filter exist and they are fully etched where 

there is no neighboring filter (A). For the same ‘X’ minutes of etching time, for the filter ‘2’ 

the air-gap is not completely etched below the membranes, its supporting post has also been 

partially etched away but much less than for filter ‘1’ (see Fig 7.3). For the filter ‘3’ the under 

etching below the membrane is weak and the under etching at the other border of the array (B) 

is completely etched away due to two reasons: (i) border and (ii) thinnest sacrificial (residual) 

layer. As the vertical thickness of the residual layer decreases with increase in the imprinted 

structure volume (discussed as in section 2.5 and shown in Fig.2.12), the filter ‘3’, which has 

the highest pool volume amongst the three filters, has also minimum amount of residual layer 

thickness (vertical thickness of supporting post). Hence, the supporting post of filter ‘3’ has 

been completed etched away for ‘X’ minutes of etching time.  
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Figure 7. 3 old standard templates used. An array of three filters with different membrane sizes representing etched away 

supporting posts and formation of air-gap cavities. 

A SEM micrograph of a filter array with partially etched away supporting posts is shown in 

shown in Fig 7.4. This demonstrates the deformation of the filter structure, affecting the optical, 

mechanical and actuation properties of the filter array. Consequently, if an array of filters with 

different membrane dimensions (pool dimensions) has to be fabricated, their supporting posts 

and cavities reveal an unequal and inhomogeneous amount of under etching. This is 

unavoidable and would receive individual control of the etching process or a compensation 

layer in the filter design. Hence, removing of the sacrificial layer only at the filter pool regions 

would be highly desirable. To solve these problems, the hybrid templates introduced in section 

7.2 have been used to imprint the sacrificial layer only at desired filter locations. 

 

Figure 7. 4 old standard template used. SEM micrograph of a filter with differently etched away supporting posts. 

 

 

Etched away 

supporting posts 
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7.2 Imprinting Tunable Fabry-Pérot Filters with Hybrid 3D Soft 

Templates 

In this section, individual patterning of the sacrificial layer for FP filter arrays using the novel 

hybrid 3D soft templates has been experimentally performed and subsequently characterized. 

The selective UV-blocking metal on the template protrusion has been used to structure the 

sacrificial layer with zero residual layers. For FP filter applications, the supporting post areas 

on the PDMS template have been enclosed by UV-blocking metal layers and the filter pool 

areas have been left UV transparent. The location of the sacrificial layer for filter design 

discussed in section 7.1, have been represented by red color in the SEM image. In Fig. 7.5 (a), 

the sacrificial layer covers the entire l area, also below supporting posts. Whereas in, Fig. 7.5 

(b) a situation is shown in which the areas of the structured sacrificial layer exist only at in the 

pool region (shown by the red circles). Note that here the sacrificial layer also exists below the 

suspensions and the membranes, which is indicated by the complete coloring inside each circle. 

Thus, using the hybrid 3D soft templates, the sacrificial layer has been structured only close to 

the pool areas and the rest of the filter supporting post areas have been made completely free 

of the sacrificial layer. A schematic top view of such a filter with the structured sacrificial layer 

is shown in Fig 7.5 (c). 

 

                          

 

 

Figure 7. 5 Novel hybrid template used. (a) SEM image of a filters in which the sacrificial layer is unstructured and cover 

the entire lateral area,  (b) SEM image of a filters in which the sacrificial layer is structured only at the pool areas using 

hybrid 3D soft template. (c) Schematic top view of a filter with the sacrificial layer unstructured only in pool area. 
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Figure 7. 6 (a) patterning sacrificial layer of the tunable filters using hybrid 3D soft templates (b) under-etched pool 

volumes without removing the supporting post, which is uneffected during the etching process. 

 

For replicating the PDMS soft templates, the silicon 3D master template has been fabricated 

using a series of photolithography and RIE processes as detailed in Section 6.3 (See Appendix 

A1.1). The PDMS template has been structured with a metal combination of Ti (3 nm) and Au 

(80 nm), to allow selectively curing of the sacrificial layer. The metal has been structured in a 

way that the pool areas are left UV transparent, and the rest of the areas block the UV light. 

Note that the experimental results using the novel hybrid templates are given below in section 

7.3. A schematic of imprinting with the hybrid template is shown in Fig 7.6.  

When compared to the imprint of the sacrificial layer Fig 7.5 (a), where the sacrificial material 

covered the entire lateral area of the filters, hybrid templates enable imprinting the sacrificial 

layer only in the pool regions (spanned by the suspension and the membranes). Hence, during 

the under-etching process to form the pool volumes, only the sacrificial layer under the filter 

membranes, under the suspensions and the rest of the pool volume will be etched and the rest 

of the areas outside the pools will be unaffected during the etching process. Hence, irrespective 

    (a)                                                      

(b) 

    (b)                                                      

(b) 
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of the filters sizes and dimensions, the sacrificial layers have been etched only at the membrane 

and suspensions areas, as shown in Fig 7.6 (b). After structuring the sacrificial layer, the filter 

surface has to be filled with a material (compensation layer) that will remain unaffected by the 

etching process. This filling process helps subsequently in construction of the top part of the 

filter. The experimental details of materials for compensation and structuring of UV-curable 

materials are shown in the sections presenting the results and discussion. 

7.3 Experimental Details and Results 

7.3.1 Deposition of DBR and Bottom Electrodes 

For optical spectrometer applications, FP filters have been fabricated on transparent glass 

substrates. The glass substrates have been cleaned with isopropanol and acetone and dried on 

a 150°C hot plate for 30 minutes. Later, the bottom DBR of 8.5 periods of silicon dioxide (SiO2) 

and silicon nitride (Si3N4) thin-films with the stop band ranging from 400-800 nm have been 

deposited on the glass substrate. The thickness of each thin-film has been designed to be 

optically quarter-wave in thickness and considering specific desired filter transmission 

wavelengths. The optical and deposition parameters of SiO2 and Si3N4 for a transmission 

wavelength 𝜆T of 550 nm are shown in Table 7.1. PECVD, using a machine from Oxford 

Instruments, has been applied for deposition of the DBR films. The RF driven top electrode 

and has been maintained between 0.65-1 Torr in chamber pressure and 0.02-0.1 Wcm2 in power 

density. The glass substrate has been placed on the substrate holder (no bias bottom electrode) 

and has been kept at 120°C. The deposition has been done by a chemical reaction between the 

reactant gas (SiH4, NH3 and N2) inside the plasma chamber and condensing the chemically 

reacted gas molecules (Si3N4 and SiO2) on the substrate. Taking into consideration the design 

of filter design as shown in Fig 7.2, subsequently, the bottom electrode of Aluminum (Al) layer 

of 150 nm has been deposited over the bottom DBR by an electron-beam evaporation system 

at a vacuum pressure less than 2x10-6 mbar and at a deposition rate of 0.3 nm/s. The electrode 

layer has been structured by photolithography using AZ1518 photoresist and lift off process. 

Table 7. 1 Deposition parameters of SiO2 and Si3N4 by PECVD. 

Deposition parameters                                                   SiO2 Si3N4 

 

Refractive Index (𝒏) at  

𝜆=550[nm]                               

 

1.46 

 

2.01 

 

Film thickness                                                                 75.1 nm                               93.8 nm          

Deposition rate with PECVD                                          39.67 nm/min 20.74 nm\min                                                      
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7.3.2 Imprinting Sacrificial Layer with Hybrid 3D Soft Templates 

The sacrificial layers have been spin coated at 3000 rpm, forming a 275 nm cavity layer. The 

UV-curable polymer (mr-UVCur06) exhibited good optical properties to function as a filter 

cavity material, also it displayed good imprint quality and bonding to the thin-film (SiO2 and 

Si3N4) bottom DBR during our investigation work. The polymer material has been patterned 

using MA6 in a UV-SCIL mode with the soft hybrid template. The template has been fixed on 

the templates holder, and the substrate has been fixed with vacuum on the substrate holder. The 

process parameters have been set to 300 sec of process delay, 60 sec of exposure time and 

WEC offset has been set to 0. During the imprint process, only the polymer areas inside the 

pool areas have been exposed to UV light (cured ) and the rest of the areas on the substrate 

have been unexposed (uncured). After the imprint process, the imprinted sample has been 

treated with the developer solution (acetone) for 30 sec. During the development process, the 

uncured polymer areas have been removed by the developer solution. This resulted in imprinted 

sacrificial material only at inside the pool regions. Fig 7.7 (a, b and c) shows WLI images of 

imprinted sacrificial layers for different lateral and vertical cavity sizes.  

 

       
 

  
 

Figure 7. 7 (a,b,c) WLI images of imprinted sacrificial layer with different cavity dimensions using hybrid 3D soft 

templates (d) WLI measurement of zero residual layers between the imprinted structures. 

  

7.3.3 Deposition of Compensation Layers and Etching of the Air-pools 

Although a very good structuring has been attained using hybrid 3D templates - enabling 

surface uniformity between the patterned cavities and the deposited material has been a 

changeling task. Apart from the deposition of compensation layers, structuring of the materials 

only in between the filter pools, some fabrication difficulties appeared as series of 

(a)                                                                                  (b) 

(c)                                                                                  (d) 

0 nm of residual layer 
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photolithography and etching steps were required. Therefore, the deposition of materials that 

do not need to be structured was studied. Hence, the idea of depositing few layers of DBR thin-

films as a compensation material has been investigated. The height of the cavity has been 

chosen to be 275 nm for 550 nm DBR central wavelength. Henceforth, few periods of SiO2 and 

Si3N4, whose thickness have been around 275 nm have been chosen as the compensation 

material. Initially, two periods of SiO2 and Si3N4, which are together of 300 nm height, have 

been deposited. The deposition parameters are the same as shown in Table 7.1. Later the upper 

part of top DBRs have been deposited using the same deposition parameters as that of the 

bottom DBR. Subsequently the DBRs have been structured above the filter cavities using 

photolithography (AZ1518 and UV-exposure for 6.5 sec) and RIE process (gases: SF6: 0.4, Ar: 

5.1, CHF3: 3.0 scm, RF Power: 50W and pressure: 0.025 mbar).  

In the next experimental steps, to form the air-gap cavities and pools, the under-etching of the 

patterned sacrificial layer has been performed using an oxygen plasma asher. Two periods of 

SiO2 and Si3N4  resulted in good surface uniformity. However after the under-etching has been 

performed, the air-gap cavity with  two periods of DBR revealed inadequate support to hold 

up for suspensions, thus, the top part of the filter has been wedged to the bottom surface. But 

they showed no deformation of the supporting posts areas. Fig 7.8 shows a SEM micrograph 

of FP filters with under-etched air-gap cavities with two periods of SiO2 and Si3N4 materials, 

showing the suspension and membranes sticking to the bottom surface, due to insufficient 

support from the compensation layer. 

 

 

Figure 7. 8 Novel hybrid 3D templates used. (a) SEM micrographs of FP filters with under-etched air-gap cavities using 

two periods of SiO2 and Si3N4 materials, where the suspensions and membranes sticking to the bottom part of the filter. 

 

 

Suspension and 

membrane sticking to 

the bottom surface of 

the filter 
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As the deposition quality of the compensation layer affects the optical quality of the filter, the 

deposition uniformity of the compensation material has been investigated using both physical 

vapor deposition (PVD) and PECVD. Figure 7.9 represents angular deposition profiles of PVD 

and PECVD. Both the methodologies resulted in similar surface profiles. Hence, deposition 

with either of the techniques can be carried out for achieving uniform depositions. But in this 

thesis, deposition with PECVD has been used which facilities sequential process steps of 

dielectric deposition.   

 

Figure 7. 9 Angular deposition profiles of PVD and PECVD for SiO2 and Si3N4 materials. 

Later, three periods of SiO2 and Si3N4 thin-films have been tested as compensation layers, 

which were ~ 500 nm thick. These layers have been deposited over the patterned sacrificial 

layer. During the investigation, three periods of SiO2 and Si3N4, revealed good support for 

suspensions and surface uniformity. Thus, out of a total number of 8.5 periods inside the DBR, 

3 periods have been used as the compensation material and the residual 5.5 periods of SiO2 and 

Si3N4 have been used for the upper part of the top DBR 

The under-etching process has been carried for 4 to 16 hours to create the air-gap cavities and 

the pool volume depending on the lateral size of the membranes, using oxygen plasma asher at 

70% (420 W) power, 0.7 mbar and 25°C. In our application, the lateral dimensions of the filter 

membranes varying from 20 µm-70 µm were investigated. To etch the unstructured sacrificial 

layers, the etching time around 15.75 hours for 70 µm wide filter membranes resulted in a 

complete wash away of the supporting posts for the filters with smaller cavity areas. Because 

the etching time for 20 µm and 40 µm lateral size of the filters membranes are 4.05 and 7.35 

hours, respectively. But by using the hybrid technique of structuring the sacrificial layers only 

inside the pool, even after 16 hours of etching, the filter supporting posts for filters of any 

lateral sizes remained unaffected and the filter membranes and suspensions have been formed 

precisely. The etching time of sacrificial layers for different membrane sizes being exposed to 

the UV light for 60 sec and etched with 420 W etch power are shown in Table 7.2. The 

dependency of etch rate on the exposure time is investigated by decreasing the exposure time 

to 40 sec. Decreasing the exposure time resulted in a faster etching time but no clear tendencies 

have been observed.  
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Table 7. 2 Etch rate of different filter membrane sizes . 

Membrane size (µm) Etch time (h : m) Plasma asher power (W) 

20 4:05 420 

40 7:35 420 

70 15:75 420 

 

Fig.7.10 (a) shows a Focused Ion Beam (FIB) micrograph of a three filters designed on a 

structured cavity layer, which reveals no deformation in the supporting posts, even after 16 

hours of under etching process. The magnified image of the air-gap formed after under-etching 

is shown in Fig 7.10 (b). 

 

    

 

Figure 7. 10 (a) FIB micrograph of a three filters fabricated inside structured pools (b) the air-gap formed after the 

under-etching process. 

The investigation has been also carried out with filters of different geometric structures, to 

study if the support provided by the compensation layer as supporting post is sufficient. Top 

views of WLI images of filters with two and four suspensions are shown in Fig 7.11 (a, b) after 

under-etching the air-gap cavities. Hence, three periods of SiO2 and Si3N4 have been able to 

provide a very good support as supporting posts for filters with different number of suspensions 

and different geometrical sizes. Irrespective of the etching time, the filter supporting posts were 

(a) 

 (b) 
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unaltered and the actuation properties of the filters have been unaffected and, hence, 

maintaining the optical quality of the filters. 

 

 

Figure 7. 11 WLI image of filters with suspensions with under etched air-gap cavities (b) WLI image of filters with four 

suspensions with under etched air-gap cavities. 

7.4 Summary 

Structuring of the sacrificial layer during the fabrication of micromachined tunable FP filters 

using novel hybrid templates have been performed for the first time. The mechical properties 

including the stability have been investigated and the filters have been characterized by 

mechanical profilometer, WLI, SEM and FIB. No bendings and very stable structures have 

been obtained at the end. Utilizing three periods inside the lower part of the top DBR as (i) 

compensation material for the supporting posts, (ii) suspensions and (iii) part of the total 8.5 

periods of the entire top DBR, a very good compromise between technological effort and 

mechanical stability has been demonstrated. For this situation an additional structuring is not 

any more required and processing effort is reduced while maintain very good mechanical 

stability. Therefore, individual patterning of the 3D filter cavities resulted in a high-quality 

fabrication of the filter array and the cumbersome process of individual monitoring, and 

deformation of the filter supporting regions has been eliminated. 

 

 

 

(a)                                                                            (b) 
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Conclusion and Outlook 
During this work, Hybrid 3D soft templates have been designed and fabricated the imprinting 

of residual layer free structures have been evaluated. As the key issue for 3D nanoimprint is 

suffering from laterally varying residual layer. Using this hybrid template with selective UV 

blocking capability, this thesis demonstrates that it is possible to achieve complete removal of 

the residual layer in a single step. In addition, this novel technique combines the advantages of 

conformal imprinting with Polydimethylsiloxane (PDMS) templates and selective UV-

blocking advantages of conventional photomasks (chapter 6). Using these hybrid templates, an 

optical and mechanical quality enhancement of micromachined Fabry-Perot filters by selective 

imprinting of sacrificial layers is achieved experimentally (chapter 7). 

The fundamental knowledge of PDMS and its surface modification methodologies that are 

required to design and fabricate hybrid templates have been comprehended (chapter 5). The 

ultimate goal of metalizing and structuring the metal on PDMS surfaces have been investigated 

and characterized by using surface modification techniques like oxygen plasma and UV surface 

oxidation treatments. O2 plasma oxidation of PDMS has been shown to enhance the contact 

angle of PDMS surface from 105° to 20°, while maintaining the surface roughness <1 nm 

(section 6.4.1).  The change in the surface texture of PDMS has been obtained by pre-straining 

with 1% strain, while 60 min of UV oxidation, this resulted in good hydrophobic recovery up 

to 72 hours but failed to increase the contact angle greater than 94° (section 6.4.2). The 

combinational effect of O2 plasma and pre- straining with UV oxidation gave rise to surface 

texture modification along with low contact angle (~ 20°), while maintaining surface roughness 

< 1nm (section 6.4.3). During the investigation of metal deposition on modified PDMS surface, 

Titanium (Ti) showed a very high bonding strength to the PDMS. Gold displayed reflectance 

in UV range and also provided good bonding to Ti. Taking these properties into consideration, 

hybrid PDMS templates with a combination metal layer of Ti (3 nm) and Au (80 nm) have been 

fabricated (section 6.5). The mutual effect of surface modification and suitable metallization 

showed very strong bonding of metal to PDMS during scotch tape test. Owens &Wendt’s 

/goniometric measurement method and atomic force microscope structures have been used to 

determining the contact angle and the surface roughness of PDMS, respectively. 

Investigation on samples revealing a complete removal of the residual layer with hybrid 

templates have been performed and compared with imprints using standard templates. With 

white light interferometric measurements, the conventional residual layer with standard PDMS 

templates revealed between 10-80 nm with WEC set to 50, and with the hybrid technique a 

residual layer of 0 nm thickeness has been successfully attained. This boosted the optical 

quality, throughput and surface roughness (< 3 nm) of the 3D SCIL process (section 6.6).  The 

deformation of imprinted structures in lateral direction has been improved from 120 µm with 

standard templates to 56 µm with the hybrid templates (section 6.7). Hence, an effective method 

of improving the stiffness of the PDMS template to avoid dispersion of the template throughout 

imprinting and enhancing the aspect ratio is accomplished in a single step. 
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Enhancement in resist filling and the contact angles of the polymer materials mrUVCur-06, 

mrUVCur-21, mrNIL-600 and SU8 using the modified PDMS templates have been evaluated. 

Imprinting with modified template usings master templates with 200 nm deep structures 

resulted in  imprinted structures of 190 nm, in the middle and 255 nm at the edges with the zero 

WEC offest, whereas only 100 nm filling at edges and 15 nm in the middle has been attained 

with standard template (Section 6.8).  

In addition to residual layer free imprinting, the hybrid templates have been effectively applied 

for micromachined tunable Fabry-Pérot (FP) nanospectrometers (section 7.2). Structuring of 

the sacrificial layer only at the FP filters air-pool areas and revealing 0 nm residual layer at 

areas of the supporting posts have been implemented with hybrid templates and have been 

investigated and characterized, Subsequently, under-etching of the air-gap cavity for diverse 

filter membrane sizes eliminating the effect of influencing the supporting post regions of the 

filters have been obtained in a solitary process step. Utilizing three periods of top DBR (SiO2 

& Si3N4) have been used as compensation material for the structured filter cavities, which is 

also at same time be utilized as a supporting post for the actuation have been achieved 

experimentally. Therefore, individual patterning of the 3D filter cavities resulted in a high-

quality fabrication improvement of the filter array. The requirements in quality control in 

individual monitoring of the buckling of the filter supporting regions throughout the formation 

of air-gap cavities have been eliminated (section 7.3). Finally, the hybrid 3D soft templates 

have been successfully implemented in residual layer free SCIL patterning and fabrication of 

enhanced mechanical and optical quality FP filters.   

 

Future work: 

 The throughput of hybrid template can be further increased by 

placing a metal layer in-between the soft and hard PDMS 

materials, in this case the influence of diffraction on the 

imprinted structures has to be investigated. 

 

 A more simplified and stable methodology for surface 

modification of hard/X-PDMS material, has to be investigated. 

 

 Future investigation can be carried out on actuation of FP filters 

with different compensation materials and fabrication of 

tunable filter array with different DBR’s. 

 

The hybrid templates can be projected in applications like in microlens, fresnel zone plates, 

skyscraper structures, double sided microlens, where residual layer between the structures 

plays a crucial role.  
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Appendix 

A1.1 Process Flow for Silicon Master Template Fabrication 

I. Cleaning: 

 

Rinse the Si sample with Acetone and Isopropanol  

Dry with N2  and Bake dry H2O @ 150°C for 30 min 

 

II. Lithography: 

Spin coat Ti-Prime for 40 sec at 4000 rpm 

Soft bake @ 110°C for 1 min 

Spin coat photoresist (AZ1518) for 40 sec at 4000 rpm 

Soft bake @ 90°C for 5 min 

UV-exposure with MA4 for 6.5 sec 

Development of the unexposed photoresist in 0.8% KOH for 30 sec 

Rinse with H2O and dry with N2 

Hard bake @ 120°C for 5 min 

 
III. Etching of Si using RIE 

 

Gas flow Argon : 5 sccm, SF6 : 0.2 sccm and CHF3 : 5 sccm 

RF power :25 watt 

Temperature 12°C 

Pressure : 0.025mbar 

 *Etch rate of Si in case of RIE was found to be 4.3 nm/min 

IV. Removal of Photoresist 

 

Soak in Acetone for 30 min and rinse with Isopropanol 

Dry with N2  

Remove remaining residues with O2 plasma asher for 1 min at 100 W power and 0.7 mbar  

*Repeat the steps of lithography and etching to create desired 3D shapes 

A1.2 Process Flow for Soft Template Fabrication 

Evaporate FDTS on the Si master template for 60 min @ 150°C 

Mixed base and curing agents of S-PDMS in 10:1 ratio and degass for 20 min in a vacuum 

chamber. 

Spin coat H-PDMS at 3000 rpm 

Soft bake @ 60°C for 20 min  
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Attach flexible carrier to top side of MRT 

Dispense S-PDMS on bottom side of MRT (Si master with H-PDMS) 

Rest overnight @ 50°C 

Post bake @ 75°C for 3 days 
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